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 I 
ABSTRACT 
 
The nanomaterials have great potentials in a variety properties such as shiny, 
hard, opaque, electrical and thermal conductivity. Their unique properties with 
physical and chemical properties depend on size and shape. The usefulness of metal 
nanoparticles (MNPs) and nanoclusters (MNCs) in ultrasmall size are well known 
due to their various advantages and extensive applications. Thus, the synthesis of 
metal nanoparticles with predictable and well-defined structures is of interest in 
medical and diagnostic applications. The MNPs and MNCs are excellent candidates 
for develop materials in medical field because of their intriguing and multiple 
surface functionalities, large surface-to-volume ratio, optical properties and good 
biocompatibility. The physical properties of the nanometal of surface plasmon 
resonance (SPR) and the ability to quench fluorescence based on the binding event 
between the analytes and the nanometals are useful to develop the material for 
diagnostics and biosensor. Moreover, they have been developed continuously and 
fabricated the new materials and developed-agents as photosensitizing agents for 
treating cancer by photodynamic therapy, and as antimicrobial agent having 
efficiency of killing microorganisms. However, some nanometal with medical field 
has the used limitation because their toxicity also may damage healthy tissue 
surrounding.  There are continuously researches to rectify capacity and solve the 
problems to approach need of patients for treatment conduce to important life-
saving, high performance and health promoting medical devices.   
The nanometal material is one of our object that we would like to continuously 
being conducted to resolve this issue. It is not only their toxicity problem but also 
instability and poor dissolubility that researchers continuously rectify capacity.  The 
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main object of this study was the development and fabrication of the new 
biomaterials from noble metal (Ag or Au) modified with biocompatible monomer, 
Thiol-functionalized-phosphorylcholine (PC-SH), for various application such as 
fluorescence biosensing probe (in Chapter II), bioimaging (in Chapter III), 
antimicrobial agents (in Chapter IV) and novel photo-induced cell-killing agents (in 
Chapter V), to enhance the performance which makes them potentially useful and 
will be one of the choice for medical treatment in the future.   
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1.1 Statement of problem 
 
 The medical materials and devices are heart of matter for treatment of patients 
whether it be medical equipment, prosthesis, drug and delivery system. All of this is 
useful to help and save human’s life. Nowadays, the disease and the infectious 
organisms can adapt to be a stronger of the species, making antibiotic-resistant 
infections. The drugs and treatment less effective as a serious threat on human which 
consequently lead to the need medical-materials development. The medical 
materials have been developed continuously and fabricated the new materials to 
approach need of patients and solve the problems for treatment conduce to important 
life-saving, high performance and health promoting medical devices.   
In this research, we realize the importance of life-saving and side effect of 
medical materials which some material is useful for cancer therapy and antimicrobial 
agents, however their toxicity may damage healthy surrounding tissue; therefore, we 
are continuously being conducted to resolve this issue.  
The noble metals in chemistry which are metals that resist oxidation and 
corrosion. (e.g. silver (Ag), platinum (Pt), rhodium (Rh), palladium (Pd), gold (Au)). 
Especially Au and Ag have great potential in a variety of medical science that make 
our motivation to use them for medical-materials development. However, AgNPs 
are of limited use in medicine because of their toxicity, which may damage healthy 
surrounding tissue. In addition, the poor solubility and unstable of colloidal 
dispersion, agglomeration or precipitation of AgNPs are also the problems.   
The usefulness of silver nanoparticles (AgNPs) and silver nanoclusters 
(AgNCs) are well known due to their various advantages and extensive applications  
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3-5. Thus, the synthesis of metal nanoparticles with predictable and well-defined 
structures is of interest in medical and diagnostic applications 6. In particular, silver 
nanoparticles have been used for drug delivery 7, biosensing 8, 9, and bioimaging 10. 
Moreover, AgNPs and AgNCs were important as drugs for treating cancer 11-13, as 
photosensitizing agents for photodynamic therapy, and as antimicrobial agents 14. 
However, AgNMs are of limited use in medical application because of their toxicity, 
which may damage healthy surrounding tissue. To enhance the base silver capacity 
for antimicrobial treatment, the silver should exhibit toxicity specifically for the 
target microbial cells without damaging the healthy cells. This requirement is 
referred to as antimicrobial safety. From the standpoint of antimicrobial safety, the 
surrounding tissue and other organs provide new inspiration for the design of silver 
nanomaterials with excellent antimicrobial properties.   
Additionally, the gold nanoparticles (AuNPs) and gold nanocluster (AuNCs) 
are another one of noble metal that were used to prepare the new materials in this 
research for biosensing and bioimaging application. AuNMs have interesting 
properties such as target binding properties, optical properties and the size-
dependent fluorescence but unstable colloidal dispersion and poor water dissolution 
still are the problem as same as AgNMs.   
For all aforementioned reasons, Au and Ag were the main components of the 
materials in our research which were modified with biocompatible monomer, thiol-
functionalized-phosphorylcholine (PC-SH). The MPC has a zwitterionic 
phosphorylcholine that can stabilize the particles in aqueous media 15, 16. The 
zwitterionic group of MPC is inspired from the structure of the cell membrane, and 
it possesses excellent biocompatibility 17. MPC has been used in diverse applications 
and has been used in nanomedicine and in biomaterials 18. Furthermore, there have  
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been a number of reports using the aforementioned MPC functionalization to 
improve applications such as inhibition of protein adsorption and resistance of cell 
adhesion 18. Biomaterial newly developed in this study could be promising high-
efficiency materials such as novel photo-induced cell-killing agents of PC-AgNPs 19 
and antimicrobial agents 14, 17 of MP that are biocompatible with human cells.  
Moreover, PC-AuNCs, PC-AgNPs and PC-AgNCs can be freeze-dried and stored 
as powders that can be subsequently re-dissolved to produce stable aqueous 
dispersions, and the high stability in the cell culture medium and water by a lack of 
aggregation. In addition, we also prepared the new fluorescent gold nanoclusters, 
PC-SH protected silver nanoclusters (PC-AuNCs) via strong thiol–metal 
coordination, to study the features of strong luminescence, ultrasmall size, colloidal 
stability, and good biocompatibility, which have made them advantageous as optical 
probes for imaging and sensing applications. 
 
1.2 Objectives 
 
The main object of this study was the development and fabrication of the new 
biomaterials from noble metal (Ag or Au) modified with biocompatible monomer, 
Thiol-functionalized-phosphorylcholine (PC-SH), for various application such as 
novel photo-induced cell-killing agents, antimicrobial agents, biosensing probe and 
fluorescence probe, to enhance the performance which will be one of the choice for 
medical treatment in the future. 
 
-CHAPTER I-    GANERAL INTRODUTION 
_________________________________  ________________________________  
 5 
 
1.3 Scope of investigation 
 
The stepwise investigation was carried out as follows chapters: 
 
Chapters I General introduction  
 
Chapters II Zwitterionic phosphorylcholine-protected gold 
nanoclusters for fluorescence sensing of C-reactive 
protein 
 
Chapters III  Zwitterionic phosphorylcholine-protected gold 
nanoclusters-based fluorescence probe for cellular 
imaging application 
  
Chapters IV  Antimicrobial silver nanoclusters bearing biocompatible 
phosphorylcholine-based zwitterionic protection. 
 
Chapters V Thiol-functionalized-phosphorylcholine protected silver 
nanoparticles as novel photo-induced cell-killing agents 
 
Chapters VI Concluding remarks 
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1.4 Theory and literature reviews  
 
1.4.1 Nanometals 
 
Noble metals are a group of metals that resist oxidation and corrosion in moist 
air that are unlike most base metals. Some noble metal is becoming increasingly 
promising tools for medical diagnostics and therapeutics such as silver (Ag), 
platinum (Pt), and gold (Au).  
Xavier et al. 3 have demonstrated that various names were use identify metal 
form such as clusters, molecules, nanoclusters, nanoparticles, monolayer protected 
clusters, artificial atoms. They reported an observed different form and trend of 
apply the nanosystems. As dramatic growth in Figure 1.1, they described starting 
from the clusters form, which these are made of few atoms, can be either in the gas 
phase or in the condensed phase. The cluster was adapted from naked cluster, 
complex and condensed phase thiol protected cluster. The transition of properties 
occurs between atoms to nanoparticles and also it illustrates the convergence of 
properties of colloidal nanoparticles and atoms at the scale of clusters.   
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Figure 1.1 Hierarchy of materials from atoms to bulk, especially in the case of 
noble metals. This schematic illustrates typical model nanosystems of gold but the 
same applies to other noble metals also. Represented from Xavier et al., Nano 
Reviews & Experiments 3, 2012, 1-16 3. 
-CHAPTER I-    GANERAL INTRODUTION 
_________________________________  ________________________________  
 8 
 
1.4.1.1 Metal nanoparticles (MNPs) 
   
Nanoparticles (NPs), size < 100 nm, 20, 21 have attracted great interest in the 
material owing to their unique properties, lead to various nanomaterials and 
nanotechnologies. These nanomaterials based on metal nanoparticles (MNPs) can 
be applied to medical application including diagnosis, cancer therapeutics, 
biosensing and phototherapy. Medical devices coating provides protection against 
all types of corrosion. Metal nanoparticles (e.g. Au, Pd, Ag) having large electrical 
conductivity are widely used in many electrochemical applications due to its 
superior properties such as high surface area, strong mechanical strength. The 
MNPs-modified electrode fabricated a new modified electrochemical sensor for 
sensing biomarker which useful for diagnosis. Different types of nanoparticles have 
unique property of each metal type. For example, gold nanoparticles (AuNPs) have 
attracted great interest in medical fields due to their good biocompatibility. Silver 
nanoparticles (AgNPs) are the excellent candidates for nanomaterials for 
antibacterial agents because of their antimicrobial properties that are also used as a 
disinfection agent in various commercial products and medical devices.  
 
1.4.1.2 Metal nanoclusters (MNCs) 
 
The recently investigated ultrasmall metal nanoclusters (MNCs) is a grouping 
of a number of nanoparticles. MNCs are sub-nanometer core sized clusters 
composed of a group of atoms with an average diameter of <2 nm providing high 
surface area and fascination of unique properties that are unlike those of MNPs with 
a larger size (>2 nm) 20, 21. For example, AgNCs were reported that they not only  
-CHAPTER I-    GANERAL INTRODUTION 
_________________________________  ________________________________  
 9 
 
showed high antimicrobial activity but also showed strong luminescence 
photoluminescence, non-photobleachability, photon anti-bunching, longer lifetime 
multiple surface functionalities and large surface-to-volume ratio when compared to 
AgNPs and conventional organic fluorophores, which can be used to developed in 
optical probes in biosensing 22 and bioimaging 10 in medical diagnosis and treatment. 
The clusters composed of noble metals have been develop with verity of ligand 
protection for synthesis. Xavier et al 3 have observed the trend in change of ligands 
for cluster synthesis. The trend observed in the use of ligands protection starting 
from gas phase unprotected analogues or naked to phosphine, thiol, and DNA 
protected clusters and functional protein protected the clusters as shown in the 
Figure 1.2. 
 
 
Figure 1.2 The trend observed in the use of ligands for cluster synthesis, starting 
from gas phase unprotected analogues to functional protein protected QCs. 
Represented from Xavier et al., Nano Reviews & Experiments 3, 2012,1-16 3. 
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1.4.1.3  NPs and NCs preparation with thiol-
functionalized-molecules 
 
Both NCs and NCs can synthesize by functionalization process with thiolate 
ligands. Thiolate ligand-stabilized NPs and NCs through a reduction protocol using 
reducing agents, e.g., sodium borohydride (NaBH4), sodium hydroxide (NaOH). To 
synthesize the nanometals thiolate ligand, it has been developed in control as the size 
23, shape 24. There are many factors that effect on the nucleation rate and the growth 
time such as metals-to-thiolate ligands ratio, reaction temperature, reducing agents, 
reduction rate resulting in different size and shape of the nanometals.  The 
mechanism of synthesis thiolate ligand-stabilized through a reduction protocol 
shows in the Figure 1.3, this figure illustrates typical model nanosystems of gold 
but the similar applies to other noble metals.  The thiol- functionalization provides 
verity biomolecules such as proteins 25, oligonucleotides26, DNA 27, antibodies 28 
which can be used to prepared bioconjugated-nanometals for new biomaterials.  
 
Figure 1.3 Synthesis mechanism of thiolate ligand-stabilized AuNPs and 
AuNCs through a reduction protocol using reducing agents 
-CHAPTER I-    GANERAL INTRODUTION 
_________________________________  ________________________________  
 11 
 
1.4.2 Fluorescence probe based on metal 
nanomaterials 
 
 Recent advances in microscopy technology of the observation of fluorescence 
changes with concurrent electrophysiological recording, have been extremely useful 
to chemical field 5. Fluorescence probe has long been used to characterize the 
conformational changes that underlie function of analytes. Moreover, the fluorescent 
probes are one of the cornerstones of real-time imaging of live cells and a powerful 
tool for cell biologists in the medical field 5.  
Several studies have reported the development of the design and optical 
properties of the different classes of fluorescent nanoprobes based on noble metal 
nanomaterials for an excellent probe.  They have proved particularly useful by ion-
induced changes in absorption or fluorescence spectra, appears to be particularly 
attractive due to their simplicity, high sensitivity, excellent selectivity for innovative 
analytical methods in vitro and in vivo 5. 
MNPs generate localized surface plasmon resonance (LSPR) and strong light 
scattering 29. Moreover, MNPs can quench molecular excited states that the colloid 
metal NPs could function as effective photoluminescence (PL) quenchers in 
designing fluorescence-based sensors. The MNPs have a low fluorescent quantum 
yields (QYs) when compared to MNCs. The MNCs have high fluorescence, 
excellent photophysical and chemical stability, controllable sizes and tunable 
emissions, good biocompatibility as well as rich surface chemistry for 
functionalization.  Gold and silver, have frequently been used in the construction of 
fluorescent nanoprobes for metal ions during the past decade because of their unique 
optical properties 30.  
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The MNPs have been widely used for the detection of metal ions in 
environmental and biological samples. They can be conjugated with a target 
recognition molecule by linking a fluorophore probe that can used to construct 
fluorophore and quencher-based biosensors for a broad range of metal ions. Zhang 
et al. 5 summarized the representative reports of fluorescent nanoprobes for metal 
ions sensing as shown in Table 1.1.  
MNPs with unique optical properties have been used in fluorescence image 
processing. These techniques and processes establish in medical imaging such as 
anatomical areas and tissues in human body. The bioimaging is important to use 
for diagnose and treatment.  There are many new multifunctional nanoprobes of 
MNPs that fluorescence probe not only provide the image processing but also can 
specific interaction of the target in vivo and vitro. MNPs specific receptors were 
modified by direct integration of the metal surface with different types of specific 
recognition molecules as bio-recognition such as DNA, antibody, enzyme and 
protein for new multifunctional nanoprobes. Moreover, multifunctional nanoprobes 
also were considered the effect of non-specific absorption lead to developed-
function of the resistance of non-specific absorption on the fluorescence probe. 
Li et al. have fabricated a multifunctional aptamer-silver conjugates as 
theragnostic agents for specific cancer cell therapy and fluorescence-enhanced cell 
imaging 31. They found that the AgNPs could increase the fluorescence intensity of 
FAM by metal-enhanced fluorescence (MEF) effect. Aptamers Sgc8 and TDO5 
acted as recognizing molecules to bind CCRF-CEM and Ramos cells specifically. 
Moreover, the modified-fluorescence probe could be internalized into cells by 
receptor-mediated endocytosis, inducing specific apoptosis of CCRF-CEM and  
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Ramos cells. A multifunctional probe Ag-Sgc8-FAM showed an excellent imaging 
agent.  
Table 1.1 Summary of representative reports of fluorescent nanoprobes for metal 
ions sensing by J. Zhang et al. 5 
Sr. no. Type of nanomaterialsa Analytes Detection mechanisma Detection          
limit 
  1 Noble metalnanomaterials               Metal NPs Pb2+ Fluorescence quenching 0.51 nM 
   Fluorescence enhancement 1.5 nM 
  Hg2+ Fluorescence enhancement 0.32 µM 
    30 nM 
   NSET 2 nM 
  Zn2+ Fluorescence enhancement 0.76 µM 
  Cu2+ FRET 0.3 nM 
    9.83 pM 
  K+ FRET 100 µM 
  Tb3+ FRET N.A. 
                                                          Metal NCs Hg2+ Fluorescence quenching 0.5 nM 
  2 Upconversion nanoparticles        Hg2+ LRET 0.06 nM 
  Pb2+ FRET 80 nM 
   Fluorescence enhancement 20 nM 
  Cu2+ FRET 1 µM 
  3 Semiconductor nanoparticles           Undoped QDs Cu2+ Fluorescence quenching  7.1 nM 
   Fluorescence enhancement 2.75 nM 
  Pb2+ Fluorescence enhancement  0.2 nM 
  Ca2+ FRET 2 µM 
                                                          Doped QDs Hg2+ Fluorescence enhancement 0.18 nM 
  Ag+ NSET 7.9 nM 
  Fe2+ Fluorescence quenching 3 nM 
  4 Carbon materials                              CDs Hg2+ Fluorescence enhancement 20 nM 
                                                          GQDs Cu2+ Fluorescence quenching 282.9 nM 
  Cr6+ Fluorescence quenching 40 nM 
                                                          CNTs Ag+ Fluorescence enhancement 1 nM 
  Hg2+ FRET 15 nM 
  Ag+  18 nM 
  Pb2+  20 nM 
                                                          Graphene Hg2+ Fluorescence enhancement 0.92 nM 
  Ag+ FRET 20 nM 
  Hg2+  5.7 nM 
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a NPs: nanoparticles; NCs: nanoclusters; CDs: carbon dots; GQDs: graphene 
quantum dots; CNTs: carbon nanotubes; NSET: nanometal surface energy transfer; 
FRET: fluorescence resonance energy transfer; N.A.: not available; AIFQ: 
aggregation-induced fluorescence quenching; LRET: luminescence resonance 
energy transfer. 
 
1.4.2.1 Biosensing applications based on metal 
fluorescence probe   
  
A biosensor is an analytical device that used for the detection of an analyte. 
The principle of biosensor is incorporation of a biological component with a 
physicochemical detector.  
Currently, nanoparticle could replace natural catalyzing enzyme as nanozyme, 
due to their low cost, stability and the ability to be reused when compared with bio- 
enzyme. The nanoparticle has been widely used for biomedical detection and 
environmental analysis. For example, Fe3O4 nanoparticle (NP), which is based on 
previously findings that Fe3O4 NP possess intrinsic peroxidase-like activity, which 
is similar to the natural peroxidase enzymes. This material can be used for the 
detection of foodborne pathogens. 32. 
MNPs modified electrode surface provide a sensitive and selective 
electrochemical biosensor. Zhou et al 33 used AuNPs to fabricated biosensor. The 
developed method showed high detection sensitivity and selectivity that can be 
applied to detect PKA in human normal gastricepithelial cell line and human gastric 
carcinoma cell line with satisfactory results. 
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1.4.3 Antimicrobial activity  
 
 An antimicrobial is an agent having efficiency of killing microorganisms or 
inhibiting their growth. Antibiotic is one of major source of potential antimicrobial 
agents and drugs. They acquired from prokaryotic bacteria, microorganisms, 
eukaryotic, plants and various animal organisms.  
Latterly, it was found that infectious bacteria can develop themselves and 
become smarter. The bacteria can themselves to damaged tissues or implanted 
medical devices and protect themselves. They can form a layer of polysaccharide 
that is generally termed as a biofilm lead to the preventing antibiotics entry. The 
treatment of drug-resistant bacteria requires high-dose administration of multiple 
expensive drugs and has the side effects.  
Recently, there has been a growing interest in researching and developing new 
antimicrobial agents from various sources to combat microbial resistance. 
Nanoparticles are being widely used as antibacterial agents with metal nanoparticles 
emerging as the most efficient antibacterial agents. For example, metal nanoparticles 
as new class of antibacterial agents are well studied. The MNPs be able to decrease 
the bacterial growth and kill the bacteria through disrupting the cell wall or by the 
unavailability of the food source.  
The mechanisms causing cell death by MNPs have been studied, and it has 
been reported that toxicity is caused by several mechanisms such as the toxicity of 
the substance itself, the release of metal ions, and the generation of reactive oxygen 
species (ROS) 34, 35 that may occur on the surface of MNPs. Ahmed et al 4 have 
reported different types of nanoparticles as antibacterial nanoparticles and their 
mechanism of action as shown in Table 1.2. 
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Table 1.2 Antibacterial nanoparticles and their mechanism of action. 4 
 
Sr. no. NPs Bacteria Mechanism of action 
1 Ag-SPION S. aureus Penetration through biofilm 
2 ZnO NPs Halophilic 
bacterium spp. 
Increased membrane permeability 
3 ZnO NPs B. subtilis Decreased growth rate and viable count 
4 CuO NPs B. subtilis Cell wall damage, disruption of biochemical process 
5 Al2O3NPs B. subtilis Cell wall damage and increased cell permeability 
6 TiO2NPs M. segmatis Release of Cu, decreased enzymatic activity, 
NADPH production 
7 AgNPs K. pneumoniae Penetration of NPs 
8 NO NPs K. pneumoniae Bacterial membrane damage 
9 TiO2 NPs P. aeruginosa Peroxidation of membrane lipids. Loss of 
respiratory activity 
10 AgNPs P. aeruginosa Disrupts membrane permeability, cellular 
respiration and cell division 
11 ZnO NPs P. aeruginosa ROS generation, membrane damage 
12 AgNPs E. coli Cell wall lysis, prevention of DNA unwinding 
13 NiO NPs E. coli Growth inhibition, cellular damage 
14 CuNPs E. coli Hydroxyl radicals generation 
15 ZnO NPs S. typhimurium ROS generation, frameshift mutation 
16 AgNPs A. baumannii Cell wall alteration 
17 AgNPs P. aeruginosa Membrane permeability, cell wall damage 
18 AgNPs S. aureus Inhibition of bacterial DNA replication 
19 Bismuth NPs S. mutans Cell growth inhibition 
20 AgNPs E. coli, BCG Cell wall disruption 
21 AuNPs E. coli, BCG Cell wall disruption 
22 AuNPs E. coli, S. aureus, P. 
aeruginosa, S. typhi 
Cell wall damage 
23 ZnO NPs C. jejuni Loss of membrane integrity 
24 Ch-AgNPs E. coli, S. aureus Inhibiting cell growth and membrane damage 
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1.4.4 Photodynamic therapy (PDT) 
 
 Nowadays, photodynamic therapy (PDT), which uses certain drugs or 
photosensitizing agents and a photosensitizer, has been found to be popular for use 
in cancer therapy. PDT works only after photosensitizing agents are activated by 
light of a specific wavelength, and it has the proven ability to selectively target 
diseased cells. Boca et al. synthesized chitosan-coated silver nanotriangles (Chit-
AgNTs) as effective photothermal transducers (hyperthermia therapy) for in vitro 
cancer therapy 11. These particles exhibit good biocompatibility and can act as 
effective photothermal transducers under laser irradiation. However, few studies 
involving PDT using AgNPs, including AgNTs 11, 13 exist, and no research using 
PDT with modified AgNPs as photosensitizing agents for cancer therapy has been 
conducted. Moreover, the photosensitizer’s performance with capping agent needs 
to be further developed to deliver minimal or no toxicity, stability, and high 
efficiency of PDT, as this could potentially be one of the best future medical 
treatments. 
 
1.4.5 2-Methacryloyloxyethyl phosphorylcholine 
(MPC) 
 
2-Methacryloyloxyetyl phosphorylcholine (MPC) is a hygroscopic 
monomer18. The structure of the MPC is a zwitterion. The zwitterions are sometimes 
called a dipolar ion, consists of both positive and negative electrical charges in the 
structure as shown in Figure 1.4. 
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  Ishihara and Nakabayashi et al. 1, 2 have synthesized MPC polymer (Figure 
1.5). They focused on the cell membrane and MPC polymer mimicked from the cell 
membrane, it is composed of a lipid bilayer, the outer surface of which is coated with 
hydrophilic phosphorylcholine (PC) groups. An excellence functional group of MPC 
also provides active functionality for quite biomolecule immobilization. 
Thenceforward, the MPC has been mainly used as a monomer to synthesize polymer 
by conventional or controlled radical polymerization techniques to apply in the 
medical fields owing to its excellent biocompatibility, protein adsorption, blood 
coagulation and the ability to resist cell adhesion 17, 19, 36.   
 
1.4.1.1 Basic characterization of MPC and MPC polymers  
 
 MPC is commonly used to prepare biocompatible MPC polymer providing in 
various biomedical applications. MPC could be homopolymerized and co polymer 
to high conversions with good control via Atom transfer radical polymerization 
(ATRP) 37 and Reversible addition-fragmentation chain transfer (RAFT 
polymerization).  
MPC have been prepared surface modified polymer microspheres a series of 
copolymer microspheres with comonomers (M) such as methyl-(MMA), ethyl-
(EMA), n-butyl-(BMA), hexyl methacrylate (HMA), and styrene (St), poly(MPC-
co-M), was synthesized from the emulsifier-free emulsion. The diameters of 
poly(MPC-co-M) microspheres can be control with various vinyl monomers 38.  
MPC is a hygroscopic monomer 17 that has been used to prepared the particle 
by functionalization with hydrophobic part as an emulsifier and a surface modifier.  
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Konno et al. 39 have prepared the poly(L-lactic acid) nanoparticles 
immobilized with MPC polymer by a solvent evaporation technique. They 
demonstrated that the diameter and ζ-potential of the obtained nanoparticles strongly 
depended on the concentration of the MPC polymer and the particles have an 
excellent blood compatibility. Moreover, MPC have been prepared surface graft of 
a novel hip polyethylene (PE) liner by poly(MPC)-grafted cross-linked PE a 
promising technique for increasing the longevity of artificial hip joints 40.  
MPC monomer have been use to prepare the various nanometal by thiol-
phosphorylcholine such as gold nanoclusters (PC-AgNCs), silver nanoclusters (PC-
AgNCs) and silver nanoparticles (PC-AgNPs) MPC not only improves the 
biocompatibility but also stability and dispersity of nanoparticles and clusters. The 
MPC modified nanometals have a promising as novel medical materials, e.g. 
biosensing probe 41, antimicrobial agent 14, photo-induced cell-killing agents 19.   
 
 
Figure 1.4 Chemical structure of MPC. 
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1.4.1.2 Basic aspects of C-	reactive protein (CRP) 
 
MPC polymers with special properties such as nonspecific interactions 
resistance, cell-membrane-penetration abilities, and lubrication properties 42, have 
been widely used in bioengineering and nanomedicine. Even though the MPC can 
be used to develop the biomaterials for the avoidance of nonspecific interactions 
with biomolecules such as protein, MPC polymers can specific recognition of C-
reactive protein (CRP) 43. CRP is the pentameric protein founding in blood plasma 
and whose levels rise in response to inflammation. MPC polymer have been used to 
develop in Mass-sensitive biosensor devices based on surface acoustic waves 
(SAWs)  for label-free detection of the inflammatory marker CRP in human serum 
(the normal range  about 10 mg/L and below) 44.   
One of our research based on effect of specific CRP−MPC interactions, was 
publicized 41. The quenching effect of specific between MPC and CRP on the 
fluorescence of the Au4(MPC)4  can be applied for sensing of C-Reactive Protein. 
This CRP-sensing using Au NCs showed a detection limit (5 nM) that low enough 
for the clinical diagnosis of inflammation.  
 
Figure 1.5 Chemical structure of MPC. (Ishihara and Nakabayashi et al.) 1, 2 
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2.1 Introduction 
 
 Recent advances in optical properties of thiolate protected metal 
nanoclusters have been discovered for highly sensitive of biosensing probe 1-5. 
AuNCs produce localized surface plasmon resonance (LSPR) and strong light 
scattering 6, 7. In addition, AuNCs have the quenching effect which is generally 
several orders of magnitude higher than that of an organic quencher lead to a super-
quencher property for fluorescent sensors 7-9. MPC, the biocompatible monomer, can 
be used to develop the biomaterials for the avoidance of nonspecific interactions 
with biomolecules such as protein 10-12. The MPC can be functionalized with thiol 
group as Thiol-functionalized-phosphorylcholine (PC-SH). The PC-SH ligand could 
make water soluble nanoclusters 13, 14.   
Due to ability to quench fluorescence based on the binding event between the 
analytes and the AuNCs are attractive for medical-material development, Thiol-
functionalized-phosphorylcholine protected silver nanoclusters (PC-AuNCs) via 
strong thiol–metal coordination were synthesized in our research. The PC-AuNCs 
have a good optical property, ultrasmall size, excellent solubility, and good 
biocompatibility. The stability of PC-AuNCs were considered in buffers as 
compared to PC-AgNPS and Au25(Captopril)18. 
The phosphorylcholine groups on the AuNCs can specific recognition of C-
reactive protein (CRP) that can be applied for sensing of CRP for the clinical 
diagnosis of inflammation. 
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2.2 Experimental procedure 
 
2.2.1 Materials 
 
2-Methacryloyloxyethyl phosphorylcholine (MPC) was kindly donated by the 
NOF CORPORATION, Tokyo, Japan, and the other chemicals of extra-pure grades 
were used in polymer synthesis and were obtained from Wako Pure Chemical 
Industries, Ltd., Osaka, Japan; these were employed without further purification. 
Water was purified using the Millipore Milli-Q system, which involves UV 
irradiation, ion exchange, and filtration (18.2 MΩ·cm−1). Human plasma CRP was 
purchased from Sigma-Aldrich Co. LLC. The PC-AgNPs and Au25(Captopril)18 or 
Au25(Capt)18 nanoclusters were kindly donated by Professor Hideya Kawasaki 13.   
 
 
2.2.2 Synthesis of PC-SH 
 
PC-SH (Figure 2.1) was synthesized following a previously reported method 
15. Briefly, 1,6-hexanedithiol (15.03 g, 100 mmol) and MPC (14.76 g, 50 mmol) 
were dissolved in a 200-mL round-bottom flask containing 100 mL of degassed 
chloroform. Then, diisopropylamine (278.8 µL, 2.0 mmol) was added to the mixture 
and stirred for 22 h at room temperature. The mixture was precipitated into acetone 
and subsequently dried in a vacuum desiccator for 2 h to eliminate the residual 
acetone. Finally, the product was dissolved in water and lyophilized. Yied of PC-SH 
was 88 %.  
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2.2.3 Synthesis of PC-AuNCs 
 
TOABr, HAuCl4 .H2O and Ethanol 10 ml were mixed in three-neck round-
bottom flask under stirring at 300 rpm for 20 minutes. After 20 min, we can observe 
the color change of solution from yellow into orange (Figure 2.2b). PC-SH solution 
was added to the mix solutions, the color solution changed into colorless solution 
(Figure 2.2c). After 1 hour, NaBH4 solution was added into the mix solutions. The 
solution was stirred at 700 rpm for 3 minutes, and then stirring was decrease to 200 
rpm for overnight. After the reaction is complete, the color solution changed from 
dark brown (Figure 2.2d) into light brown (Figure 2.2e).   
           
              
 
 
 
 
 
 
Figure 2.1 Chemical structure of PC-SH 
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             The solution was centrifuged to remove unreacted. Then, the supernatant 
was collected by rotary evaporation. The product was precipitated by acetone and 
then this precipitate is collected by centrifugation in a centrifuge tube at 6,000 rpm. 
Precipitation and centrifugation method were used to purify and concentrate product 
3 times. The cluster solution was precipitated again by 20% of ethanol in acetone 3 
times and 40% of ethanol in acetone 1 time respectively. Finally, the cluster solution 
was dried by vacuum and kept in refrigerator. The Au25(PC)18 was characterized by 
fluorescence spectroscopy and UV-VIS spectroscopy.  
 
 
 
Figure 2.2 Mixture reaction of stepwise method of Au25(PC)18 synthesis showing 
color change step by step: (a) mixed solution of TOABr and HAuCl4·H2O in Ethanol, 
(c) after mixing 20 minutes, (c) after adding PC-SH, (d) after adding NaBH4 and (d) 
complete reaction.   
-CHAPTER II-    CRP DETECTION WITH AuNCs
_________________________________  ________________________________  
 5 
 
 
2.2.4 Characterization of PC-AgNCs  
 
PC-AuNCs were characterized using Ultraviolet−visible (absorption) and 
fluorescence (excitation and emission) spectra were recorded using JASCO V-670 
and FP-6300 instruments, respectively. Dynamic light scattering (DLS; 
ZETASIZER NANO-ZS, Malvern Instruments Ltd, Worcestershire, UK) was also 
used to analyze the average diameter of the particles and the polydispersity index 
(PDI).  
 
2.2.5  Fluorescence Sensing of CRP 
 
             Au25(PC)18 NCs were dissolved in HEPES (0.1 M, pH 7.4), and the 
concentration was adjusted to 5.0 × 10-4 M. The Au25(PC)18 NC solution (20µL) was 
mixed with 500 µL of 2 mM CaCl2 in HEPES (pH 7.4). Appropriate amounts of  
 
 
Figure 2.3 Au25(PC)18  after (a) precipitation in acetone (b) centrifugation and (c) 
vacuum drying.  
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2800 nM CRP/HEPES buffer were then added to the tube as various amounts to 
various concentration of CRP (0-100 nM). The total volume of the solution 
containing mixture was adjusted to 1.0 ml by 0.1 M MES buffer (pH 5.5). The 
resulting mixtures were submitted to fluorescence analyses. Moreover, PC-AgNPs 
and Au25(Capt)18 nanoclusters were used to study the quenching effect of the metal 
by PC-CRP interaction on the metal surface to compare with Au25(PC)18.  The PC-
AgNPs and Au25(Captopril)18 or Au25(Capt)18 nanoclusters were kindly donated by 
Professor Hideya Kawasaki.  
 
2.3 Results and Discussion 
 
2.3.1 Characterization of Au25(PC)18 
 
The absorption spectra of Au25(PC)18 shows molecular-like absorption with 
multiple peaks (400, 480, 550 and 700 nm) and is not observed the characteristic 
peak of particle size as shown in Figure 2.4. The molecular-like absorption can 
identify the ultrasmall nanoclusters (<2 nm). Usually the localized surface plasmon 
resonance peak of nanoparticles is generally located at 400 nm, this peak is not 
observed in nanoclusters. Fluorescence spectra of Au25(PC)18 nanoclusters 
(excitation at 350 nm) shows the maximum intensity at 800 nm as shown in Figure 
2.5. The Au25(PC)18 nanoclusters at various concertation were measured the  
responding to 800 nm excitation as shown in Figure 2.6. The intensity of Au25(PC)18 
at the 1.75×10-5 M concentration is the most highest of intensity (~3.5). The 
concentration at above 1.75×10-5 M, the fluorescence intensity sequentially 
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decreased.  It might be because of self-quenching at high concentration or salts or 
ions shielding which the effects were obscurity. 
We also investigated the fluorescence intensity of Au25(PC)18 nanoclusters at 
the various time after dissolution to check the stability as compared to Au25(Cap)18. 
Fluorescence response to 800 nm excitation of Au25(PC)18 nanoclusters in the 
presence of the stability of the nanoclusters keeping in HEPS and PBS buffer was 
found that  Au25(PC)18 keeping in both buffers was stable after dissolution to 1 hour. 
After keeping in both buffers, the fluorescence intensity of Au25(PC)18 increased with 
increasing keeping time. The fluorescence intensity nanoclusters keeping in PBS 
buffer gradually changed while the keeping in HEPS eminently changed as shown 
in Figure 2.7. The change of fluorescence intensity of Au25(Capt)18 after keeping in 
both buffers was more changed when compared with Au25(PC)18. The fluorescence 
intensity gradually changed after 1 hour and eminently changed after 1 day,  intensity, 
indicating less stability as compared to Au25(PC)18 as shown in Figure 2.8.  
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Figure 2.4 UV–vis spectra of Au25(PC)18 nanoclusters  
 
Figure 2.5 Fluorescence response to 800 nm excitation of Au25(PC)18 nanoclusters 
 
-CHAPTER II-    CRP DETECTION WITH AuNCs
_________________________________  ________________________________  
 9 
 
 
Figure 2.6 Fluorescence response to 800 nm excitation of Au25(PC)18 
nanoclusters in the presence of different concentrations of Au25(PC)18 
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Figure 2.7 Fluorescence response to 800 nm excitation of Au25(PC)18 
nanoclusters in the presence of the stability of the nanoclusters keeping in HEPS 
and PBS buffer. 
 
Figure 2.8 Fluorescence response to 800 nm excitation of Au25(Capt)18 
nanoclusters in the presence of the stability of the nanoclusters keeping in HEPS 
and PBS buffer. 
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2.3.2 Fluorescence sensing of CRP 
 
 C-reactive protein is and an important biomarker which and CRP levels rise 
in response to inflammation. The inflammatory marker CRP in human serum for the 
normal range  is about 10 mg/L and below 14.  The covalently linked subunits of CRP 
has a calcium-dependent binding site for phosphorylcholine.  The PC side-chain of 
MPC can bind with CRP resulting in quenching of Au25(PC)18.  Figure 2.9 shows 
fluorescence spectra of Au25(PC)18 after adding different concentrations of CRP. The 
peak intensity (at 800 nm) decreases with increasing CRP concentrations. However, 
we also recorded the fluorescence spectra of Au25(PC)18 for 60 min after adding 
different concentrations of CRP, we found that the  fluorescence intensity of 
Au25(PC)18 was changed when the period time was changed after adding the CRP. 
This result indicated that the fluorescence intensity of Au25(PC)18 was not stable 
which it might be the problem to be the accuracy biosensing probe. Due to the 
fluorescence intensity of the Au25(Capt)18 was no more than Au25(PC)18 of stable as 
shown in Figure 2.5, it was not used to investigated the fluorescence sensing 
property with CRP.  
The PC-AgNPs that they were kindly donated by Professor Hideya Kawasaki 
in this moment were used to be fluorescence sensing of CRP to compared with 
Au25(PC)18. Figure 2.10 shows fluorescence response to 800 nm excitation of PC-
AgNPs in the presence of different concentrations of C-reactive protein (CRP). The 
quenching of Au25(PC)18 could not increase when the CRP concentration increase, it 
might be because there are many effects that influence on the PC-CRP interaction 
such as amount of sault or ions in the system. DLS was also used to analyze the 
average diameter of the particles and the polydispersity index (PDI). Figure 2.11  
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show DLS result of PC-AgNPs in the presence of different concentrations of PC-
AgNPs (1×10-5 and 0.33×10-5 M). Each sample shows 2 peaks, the first peak shows 
size around 17-19 nm that might be the size of PC-AgNPs. The second peak of each 
sample shows vary size and the size was not depending on the PC-AgNPs 
concentration as shown in Figure 2.11  and Table 2.1. The system for using both 
Au25(PC)18 and PC-AgNPs as fluorescence sensing of CRP is not suitable and have 
to study many factors that effect on the PC-CRP interaction and quenching of 
Au25(PC)18.   
 
 
 
Figure 2.9 Fluorescence response to 800 nm excitation of Au25(PC)18 
nanoclusters in the presence of different concentrations of C-reactive protein 
(CRP).  
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Figure 2.10 Fluorescence response to 800 nm excitation of PC-AgNPs in the 
presence of different concentrations of C-reactive protein (CRP).  
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Table 2.1 DLS peaks of PC-AuNCs at various concentrations in the presence of 
CRP 
Sample 
 
Peak 1 
Size ( d.nm) 
Peak 2 
Size ( d.nm) 
PDI 
 
PC-AgNPs (1×10-5 M) 18.47 343.5 0.581 
PC-AgNPs (0.33×10-5 M) 19.58 473 0.391 
PC-AgNPs (1×10-5 M) + CRP 17.85 991.1 0.651 
PC-AgNPs (0.33×10-5 M) + CRP 19.68 1,845 0.248 
    
 
Figure 2.11 DLS peaks of PC-AuNCs at various concentrations in the presence of 
CRP 
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2.4 Conclusions 
We have synthesized Au25(PC)18 via strong thiol–metal coordination. A 
molecular-like absorption of Au25(PC)18  was observed by UV-Vis spectrometer.  
Fluorescence spectra of Au25(PC)18 nanoclusters (excitation at 350 nm) shows the 
maximum intensity at 800 nm. The Au25(PC)18 can be the fluorescence sensing probe 
to detect the CRP by quenching of Au25(PC)18 while the PC-AgNPs could not show 
the increase of quenching by increase CRP concentration. The stability of 
fluorescent intensity of Au25(PC)18 was not hardly stable, however they were more 
stable than Au25(Capt)18. The system for using MPC modified nanometal as 
fluorescence sensing of CRP still need to study many factor that effect on the PC-
CRP interaction and quenching of Au25(PC)18.  
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3.1 Introduction 
 
Recent advances in optical properties of thiolate protected metal nanoclusters 
have been discovered for highly sensitive of biosensing and bioimaging probe 1-5. 
Fluorescent gold nanoclusters (AuNCs) consisting of a few to tens of gold atoms are 
the excellent candidates for medical field because of their intriguing optical 
properties and good biocompatibility. AuNCs could emit fluorescence from near-IR 
to UV based on their differences in size, structure, and surface ligands 3, 6. The thiol- 
functionalization provides verity biomolecules such as proteins 7, oligonucleotides 
8, DNA 9, antibodies 10 which can be used to prepared bioconjugated-AuNCs for new 
biomaterials.  
Chen et al. 11 have been prepared Au NCs with bluish green fluorescence 
using histidine as both reductant and capping agent. The AuNCs was 
conjugated with MPA, a NIR organic dye, for in vivo fluorescence imaging 
application. The results demonstrated the clusters provide low cytotoxicity and 
high affinity to tumor of this nanoprobe which promised the potential of good 
nanoprobes in bioimaging. 
Retnakumari et al. have prepared molecular-receptor-targeted imaging of 
folate receptor positive oral carcinoma cells using folic-acid-conjugated fluorescent 
Au(25) nanoclusters. The nanoclusters were controlled reduction of Au+ ions 
and green reducing agent, ascorbic acid (vitamin-C) 12. The bioconjugated-
nanoclusters had excellent stability and potential of using non-toxic fluorescent Au 
nanoclusters for the targeted imaging of cancer.  
Moreover, multifunctional nanoprobes also were considered the effect of non-
specific absorption lead to developed-function of the resistance of non-specific  
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absorption on the fluorescence probe 13. 2-Methacryloyloxyetyl phosphorylcholine 
(MPC) is a hygroscopic monomer that can be used to develop the biomaterials for 
the avoidance of nonspecific interactions with biomolecules such as protein 14-16. In 
addition, the cell recognition or labeling to specific target cells are very 
important and useful for early diagnosis and treatment 17, 18.  
Due to highly luminescent AuNCs are attractive 19, 20, Thiol-functionalized-
phosphorylcholine (PC-SH) protected gold nanoclusters (PC-AuNCs) via strong 
thiol–metal coordination based fluorescent probe were synthesized in our research 
to study the features of strong luminescence, ultrasmall size, good photo, colloidal 
stability, and good biocompatibility. Furthermore, the PC-AuNCs were immobilized 
with thiol-terminated lactobionolactone for the hepatic cell recognition which have 
made them advantageous as a new class of multifunctional fluorescent markers for 
cell imaging and labeling applications.    
 
3.2 Experimental procedure 
 
3.2.1 Materials  
 
2-Methacryloyloxyethyl phosphorylcholine (MPC) was kindly donated by the 
NOF CORPORATION, Tokyo, Japan, and the other chemicals of extra-pure grades 
were used in polymer synthesis and were obtained from Wako Pure Chemical 
Industries, Ltd., Osaka, Japan; these were employed without further purification. 
Water was purified using the Millipore Milli-Q system, which involves UV 
irradiation, ion exchange, and filtration (18.2 MΩ·cm−1). Human plasma CRP was 
purchased from Sigma-Aldrich Co. LLC. PS-SH was synthesized following 2.2.2 in 
Chapter II 
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3.2.2 Synthesis of PC-AuNCs. 
 
The clusters were carefully prepared by controlling the Au:PC-SH (1:1.5, 
1:2.5, 1:3 and 1:5) molar ratio. For example, at Au:PC-SH = 1:2.5, PC-SH (25 mM, 
2.5 mL) and HAuCl4 (10 mM, 2.5 mL) in Milli-Q water were mixed by a magnetic 
stirrer at room temperature for 2 min, followed by the introduction of a certain 
amount of NaOH (1M) to adjust the reaction pH to 11.0. The solution was stirred at 
room temperature at various periodical-reaction under light-shielded conditions. 21 
The synthesis of PC-AuNCs was study various factor such as concentration of 
substrate, ratio between Au and PC-SH, period of reaction time to synthesis the high 
fluorescence PC-AuNCs. 
 
3.3 Results and Discussion 
 
3.3.1 The study of various factor for synthesis of PC-
AuNCs characterization 
 
 The various factors were adjusted to synthesis the PC-AuNCs having highly 
fluorescence. Molar ratios of Au ions to PC-SH at the synthesis of PC-AuNCs were 
various at 1:1.5, 1:2.5, 1:3 and 1:5. Figure 3.1 and 3.2 showing UV/vis absorption 
and fluorescence (365 nm-excitation) of PC-AuNCs at various ratios 1:1.5, 1:2.5 and 
1:3 were fond that the PC-AuNCs at ratio 1:1.5 does not showed fluorescence while 
the ratios of 1:2.5 and 1:3 showed the fluorescence peak approximately 500-700 nm. 
Although the ratio at 1:2.5 showed the higher fluorescence intensity, the solution  
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have not only the cluster but also the particles. The 1:3-ratio was the best condition 
that we chose to vary the temperature at synthesis of PC-AuNCs and we also 
increased the PC-SH ratio (1:5 of Au:PC-SH).  
Figure 3.4 shows photographs of PC-AuNCs under 365-UV light before 
purification. Figure 3.5 shows photographs of PC-AuNCs after purification. The 
results as the various temperatures (room temperature, 50°C and 70°C) of 1:3-ratio 
and 1:5-ratio after purification were found that the yellow powder was obtained in 
the product of 1:3-ratio while white powder was obtain on product of 1:5-ratio. To 
investigate the fluoresce intensity of the products, the PC-AuNCs were dissolved in 
the water and adjust at low concentration to get the UV/vis absorption less than 1 of 
absorbance. The UV/vis absorption and fluorescence spectra of PC-AuNCs (~0. 7 
µg/mL) as shown in Figure 3.6 and 3.7 were indicated that the PC-AuNCs of the 
feed ratio at 1:3 and at room temperature at synthesis shows the highest fluorescence 
intensity. We chose the temperature at room temperature to synthesis PC-AuNCs at 
ratio of 1:3 to vary period of reaction (1-24 days).  
Moreover, the concentrations of substances were also varied at the 5, 10, 20 
mM of Au ion concentration by fixed ratio of Au ion and PC-SH at 1:3 and 1:5. To 
check the fluorescence intensity of the PC-SH, the solutions of PC-SH of each 
reaction were obtained and diluted 80 times by water to adjust the absorbance below 
1. Figure 3.8, 3.10, 3.12 and 3.14 show UV/vis absorption spectra of PC-AuNCs of 
1:3 and 1:5 ratios at various period-reactions at 1, 3, 9 and 24, respectively.  Figure 
3.9, 3.11, 3.13 and 3.15 show fluorescence spectra (365-excitation) of PC-AuNCs 
of 1:3 and 1:5 ratios at various periodical reactions at 1, 3, 9 and 24, respectively. 
The results were fond that PC-SH synthesis with the condition of room temperature,  
-CHAPTER III-    FLUORESCENTE AuNCs 
_________________________________  ________________________________  
 23 
 
20 mM of Au ion concentration and the feed ratio 1:3 of Au:PC-SH after 24 days 
show the excellence fluorescence property as shown in Figure 3.18.  However, the 
concentration of substance still was adjusted and studied for the next reaction.  
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Figure 3.1 UV/vis absorption of PC-AuNCs. Molar ratios of Au ions to PC-SH 
at the synthesis of PC-AuNCs are shown in the figure. 
 
 
Figure 3.2 Fluorescence spectra (Ex=365 nm) of PC-AuNCs. Molar ratios of Au 
ions to PC-SH at the synthesis of PC-AuNCs are shown in the figure. 
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Figure 3.3 Photographs of PC-AuNCs after purification and re-dissolved (~1 µg/mL) 
in water various feed ratio of Au and PC-SH in visible light under 365-UV light. Molar 
ratios of Au ions to PC-SH at the synthesis of PC-AuNCs are shown in the figure. 
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Figure 3.4 Photographs under 365-UV light of PC-AuNCs without purification. Molar 
ratios of Au ions to PC-SH and temperature at the synthesis of PC-AuNCs are shown in 
the figure.  
      RT       50°C      70°C       RT         50°C       70°C 
1: 3       1:3         1:3         1:5           1:5          1:5 
 
Figure 3.5 Photographs of PC-AuNCs after purification. Molar ratios of Au ions to 
PC-SH and temperature at the synthesis of PC-AuNCs are shown in the figure.  
1: 3        1:3         1:3         1:5        1:5        1:5 
      RT        50°C      70°C      RT       50°C     70°C 
-CHAPTER III-    FLUORESCENTE AuNCs 
_________________________________  ________________________________  
 27 
 
 
Figure 3.6 UV/vis absorption of PC-AuNCs after purification and re-dissolved 
(0. 7 µg/mL) in water. Molar ratios of Au ions to PC-SH and temperature at the 
synthesis of PC-AuNCs are shown in the figure. 
 
 
Figure 3.7 Fluorescence spectra (Ex=365 nm) of PC-AuNCs after purification 
and re-dissolved (0. 7 µg/mL) in water.  Molar ratios of Au ions to PC-SH and 
temperature at the synthesis of PC-AuNCs are shown in the figure. 
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Figure 3.8 UV/vis absorption of PC-AuNCs after 1-day reaction without 
purification (80-time dilution). Molar ratios of Au ions to PC-SH and Au 
concentration at the synthesis of PC-AuNCs are shown in the figure. 
 
 
Figure 3.9 Fluorescence spectra (Ex=365 nm) of PC-AuNCs after 1-day 
reaction without purification (80-time dilution). Molar ratios of Au ions to PC-
SH and Au concentration at the synthesis of PC-AuNCs are shown in the figure. 
 
Au:	PC-SH,	Au	conc. 
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Figure 3.10 UV/vis absorption of PC-AuNCs after 3-day reaction without 
purification (80-time dilution). Molar ratios of Au ions to PC-SH and Au 
concentration at the synthesis of PC-AuNCs are shown in the figure. 
 
 
Figure 3.11 Fluorescence spectra (Ex=365 nm) of PC-AuNCs after 3-day 
reaction without purification (80-time dilution). Molar ratios of Au ions to PC-
SH and Au concentration at the synthesis of PC-AuNCs are shown in the figure. 
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Figure 3.12 UV/vis absorption of PC-AuNCs after 9-day reaction without 
purification (80-time dilution). Molar ratios of Au ions to PC-SH and Au 
concentration at the synthesis of PC-AuNCs are shown in the figure. 
 
 
Figure 3.13 Fluorescence spectra (Ex=365 nm) of PC-AuNCs after 9-day 
reaction without purification (80 times dilution). Molar ratios of Au ions to PC-
SH and Au concentration at the synthesis of PC-AuNCs are shown in the figure. 
 
-CHAPTER III-    FLUORESCENTE AuNCs 
_________________________________  ________________________________  
 31 
 
 
Figure 3.14 UV/vis absorption of PC-AuNCs after 24-day reaction without 
purification (80 times dilution). Molar ratios of Au ions to PC-SH and Au 
concentration at the synthesis of PC-AuNCs are shown in the figure. 
 
 
Figure 3.15 Fluorescence spectra (Ex=365 nm) of PC-AuNCs after 24-day 
reaction without purification (80 times dilution). Molar ratios of Au ions to PC-
SH and Au concentration at the synthesis of PC-AuNCs are shown in the figure. 
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Figure 3.16 Fluorescence spectra (Ex=365 nm) of PC-AuNCs without 
purification (80 times dilution) at various periodical reaction. Molar ratios of Au 
ions to PC-SH and Au concentration at the synthesis of PC-AuNCs are shown in 
the figure. 
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Figure 3.17 Photographs under Visible light (top) and UV light (below) of PC-
AuNCs without purification as various periodical reaction at room temperature. 
Molar ratios of Au ions to PC-SH ant various Au ion concentration at the 
synthesis of PC-AuNCs are shown in the figure.  
      1:3          1:3             1:3          1:5           1:5            1:5  
5 mM     10 mM      20 mM     5 mM     10 mM     20 mM 
 
Figure 3.18 Photographs under Visible light (right, top) and 365-UV light of PC-
AuNCs after 24-day reaction at room temperature without purification. Molar 
ratios of Au ions to PC-SH was 1:3 at the synthesis of PC-AuNCs.  
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3.4 Conclusions 
 
The synthesis of PC-AuNCs was successful. The reaction of 1:3 ratio of 
Au:PC-SH at room temperature and Au ion concentration at 20 mM is the best 
condition for PC-AuNCs synthesis at this moment (during process of the other 
conditions). Moreover, NaOH have to use to adjust the pH at 11 which is important 
factor for successful synthesis.  In addition, the cell recognition or labeling function 
have been processing to specific target cells for multifunctional-nanoprobe in the 
future work.  
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4.1 Introduction 
 
Metallic silver (Ag) has the potential to deliver a reliable inorganic 
nanomaterial with a high antimicrobial activity 1, 2. It was reported that the 
antibacterial activity is influenced by various factors such as the nanoparticle size,3 
types of the ligand, and different types of bacteria 4. The antimicrobial mechanism 
of the silver metal has been proposed to proceed via the direct damage of the 
bacterial cell membrane, 1 where the silver metal can react with the sulfur-containing 
proteins on the cell membrane leading to the disruption and death of the bacteria 5. 
In addition, reactive oxygen species (ROS) and silver ions arising from the silver 
metal can interrupt important DNA-related processes such as DNA replication, 
contributing to cell toxicity 5. Owing to the affinity of silver for the bacterial cell 
membrane, silver metal shows inhibitory activity in both Gram-negative and Gram-
positive bacteria 6. For positively charged Ag nanoparticles (AgNPs), inhibitory 
activity is provided by the electrostatic attraction between the negatively charged 
bacterial cells and the positively charged nanoparticles as well as the reactions of the 
AgNPs with sulfur-containing amino acids in the bacterial cell wall 4, 7. In contrast, 
negatively charged AgNPs exhibited relatively low toxicity, depending on the zeta 
potential (ζ/mV) of the nanoparticles. Citrate-AgNPs (ζ = −38 mV) exhibited lower 
toxicity than H2-AgNPs (ζ = −22 mV) and poly(vinyl pyroridone) (PVP)-AgNPs (ζ 
= −10 mV) because the increased electrostatic barrier resulted in the reduction of the 
likelihood of interactions between the cell and the particle, leading to lower toxicity 
7. In addition, the cell wall thickness of Gram stain bacteria is a determining factor 
of antimicrobial activity. The thick multilayer of Gram-positive bacteria (15–80 nm 
thick) such as Staphylococcus aureus can prevent toxicity caused by the particles  
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better than Gram-negative bacteria (10–15 nm) such as Escherichia coli that have 
only a thin-layer of peptidoglycan, giving rise to a higher toxic effect 8.   
Particle size is another factor controlling the silver metal antimicrobial 
activity. It has been reported that AgNPs displayed an obvious size-dependent 
antibacterial activity 9. Smaller particles easily penetrate into the cell and often show 
higher toxicity 3. The recently investigated ultrasmall silver nanoclusters (AgNCs) 
with an average diameter of <2 nm are fascinating owing to their unique properties 
such as strong luminescence and unique optical and antimicrobial properties that are 
unlike those of AgNPs with a larger size (>2 nm) 9, 10.	 These unique properties are 
important not only for antimicrobial activity but also for the use of AgNCs in optical 
probes in biosensing 11 and bioimaging 12 in medical diagnosis and treatment. The 
capping ligands of AgNCs play an important role in their use for biomedical 
applications; therefore, various capping agents such as polymers 1, 
polyelectrolytes,13 DNA, 14, 15 and proteins 16 have been employed as the AgNC 
capping agents. Small AgNCs are more efficient antimicrobial agents than the larger 
AgNPs owing to their large surface area and small size. Setyawati et al. 17 reported 
that the antimicrobial efficacy of glutathione (GSH)-AgNCs depended on the core 
surface speciation (Ag+ and Ag0 core states) with GSH-Ag0-NCs exhibiting higher 
cellular toxicity than GSH-Ag+-NCs as a result of the more rapid release of ROS 
from GSH-Ag0-NCs 17.  
To enhance the base silver capacity for antimicrobial treatment, the silver 
should exhibit toxicity specifically for the target microbial cells without damaging 
the healthy cells. This requirement is referred to as antimicrobial safety. From the 
standpoint of antimicrobial safety, the surrounding tissue and other organs provide 
new inspiration for the design of silver nanomaterials with excellent antimicrobial  
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properties. 2-Methacryloyloxyetyl phosphorylcholine (MPC) is a hygroscopic 
monomer 18 that has been used to modify silver nanoparticles (AgNPs) with a size 
of 13 nm in our previous research 19. The MPC-modified AgNPs (PC-AgNPs) 
exhibited not only a high stability of PC-AgNPs in the cell culture medium but also 
a good dispersity and excellent biocompatibility relative to the results obtained in 
other studies 20, 21. The previous results for PC-AgNPs strongly motivated us to 
develop more effective biocompatible silver metal by decreasing the size of the 
nanoparticles in order to provide an increased surface area to volume ratio for MPC 
immobilization. In this research, we have prepared AgNCs protected with the 
biocompatible thiol-terminated MPC (PC-AgNCs) in order to obtain reduced 
toxicity of the particles and less healthy tissue damage, enabling the use of these 
AgNCs as antibacterial agents. We studied the size control of PC-AgNCs by 
changing the Ag/MPC molar ratio. Our findings indicate that MPC protection of 
AgNCs improves dispersity, stability as well as biocompatibility of the nanoclusters. 
Consequently, at a given concentration range, PC-AgNCs exhibited toxicity to the 
target microbial cells without damaging the healthy cells.  
Metallic silver (Ag) has the potential to deliver a reliable inorganic 
nanomaterial with a high antimicrobial activity 1, 2. It was reported that the 
antibacterial activity is influenced by various factors such as the nanoparticle size, 3 
types of the ligand, and different types of bacteria 4. The antimicrobial mechanism 
of the silver metal has been proposed to proceed via the direct damage of the 
bacterial cell membrane, 1 where the silver metal can react with the sulfur-containing 
proteins on the cell membrane leading to the disruption and death of the bacteria 5. 
In addition, reactive oxygen species (ROS) and silver ions arising from the silver 
metal can interrupt important DNA-related processes such as DNA replication,  
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contributing to cell toxicity 5. Owing to the affinity of silver for the bacterial cell 
membrane, silver metal shows inhibitory activity in both Gram-negative and Gram-
positive bacteria 6. For positively charged Ag nanoparticles (AgNPs), inhibitory 
activity is provided by the electrostatic attraction between the negatively charged 
bacterial cells and the positively charged nanoparticles as well as the reactions of the 
AgNPs with sulfur-containing amino acids in the bacterial cell wall 4, 7. In contrast, 
negatively charged AgNPs exhibited relatively low toxicity, depending on the zeta 
potential (ζ/mV) of the nanoparticles. Citrate-AgNPs (ζ = −38 mV) exhibited lower 
toxicity than H2-AgNPs (ζ = −22 mV) and poly(vinyl pyroridone) (PVP)-AgNPs (ζ 
= −10 mV) because the increased electrostatic barrier resulted in the reduction of the 
likelihood of interactions between the cell and the particle, leading to lower toxicity 
7. In addition, the cell wall thickness of Gram stain bacteria is a determining factor 
of antimicrobial activity. The thick multilayer of Gram-positive bacteria (15–80 nm 
thick) such as Staphylococcus aureus can prevent toxicity caused by the particles 
better than Gram-negative bacteria (10–15 nm) such as Escherichia coli that have 
only a thin-layer of peptidoglycan, giving rise to a higher toxic effect 8.   
Particle size is another factor controlling the silver metal antimicrobial 
activity. It has been reported that AgNPs displayed an obvious size-dependent 
antibacterial activity 9. Smaller particles easily penetrate into the cell and often show 
higher toxicity 3. The recently investigated ultrasmall silver nanoclusters (AgNCs) 
with an average diameter of <2 nm are fascinating owing to their unique properties 
such as strong luminescence and unique optical and antimicrobial properties that are 
unlike those of AgNPs with a larger size (>2 nm) 9,	10.	 These unique properties 
are important not only for antimicrobial activity but also for the use of AgNCs in 
optical probes in biosensing 11 and bioimaging 12 in medical diagnosis and treatment.  
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The capping ligands of AgNCs play an important role in their use for biomedical 
applications; therefore, various capping agents such as polymers 1, polyelectrolytes, 
13 DNA, 14, 15 and proteins 16 have been employed as the AgNC capping agents. Small 
AgNCs are more efficient antimicrobial agents than the larger AgNPs owing to their 
large surface area and small size. Setyawati et al. 17 reported that the antimicrobial 
efficacy of glutathione (GSH)-AgNCs depended on the core surface speciation (Ag+ 
and Ag0 core states) with GSH-Ag0-NCs exhibiting higher cellular toxicity than 
GSH-Ag+-NCs as a result of the more rapid release of ROS from GSH-Ag0-NCs 17.  
To enhance the base silver capacity for antimicrobial treatment, the silver 
should exhibit toxicity specifically for the target microbial cells without damaging 
the healthy cells. This requirement is referred to as antimicrobial safety. From the 
standpoint of antimicrobial safety, the surrounding tissue and other organs provide 
new inspiration for the design of silver nanomaterials with excellent antimicrobial 
properties. 2-Methacryloyloxyetyl phosphorylcholine (MPC) is a hygroscopic 
monomer 18 that has been used to modify silver nanoparticles (AgNPs) with a size 
of 13 nm in our previous research 19. The PC-modified AgNPs (PC-AgNPs) 
exhibited not only a high stability of PC-AgNPs in the cell culture medium but also 
a good dispersity and excellent biocompatibility relative to the results obtained in 
other studies 20, 21. The previous results for PC-AgNPs strongly motivated us to 
develop more effective biocompatible silver metal by decreasing the size of the 
nanoparticles in order to provide an increased surface area to volume ratio for PC 
immobilization. In this research, we have prepared AgNCs protected with the 
biocompatible thiol-functionalized-phosphorylcholine (PC-AgNCs) in order to 
obtain reduced toxicity of the particles and less healthy tissue damage, enabling the 
use of these AgNCs as antibacterial agents. We studied the size control  
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of PC-AgNCs by changing the Ag/MPC molar ratio. Our findings indicate that MPC 
protection of AgNCs improves dispersity, stability as well as biocompatibility of the 
nanoclusters. Consequently, at a given concentration range, PC-AgNCs exhibited 
toxicity to the target microbial cells without damaging the healthy cells.   
 
4.2 Experimental procedure 
 
4.2.1 Materials  
 
MPC was donated by the NOF Co., Ltd., Tokyo, Japan, and other chemicals 
of extra-pure grades were obtained from Wako Pure Chemical Industries, Ltd., 
Osaka, Japan; these were employed without further purification. Water was purified 
using the Millipore Milli-Q system, which involves UV irradiation, ion exchange,  
 
 
Figure 4.1 Schematic representation of the PC-AgNCs exhibited toxicity to the 
target microbial cells. 
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and filtration (1 8 . 2  MΩ·cm−1 ) .  The PC-SH was synthesized following 2.2.2 in 
Chapter II. 
 
4.2.2 Synthesis of PC-AgNCs 
 
The clusters were carefully prepared by controlling the Ag:PC-SH (1:0.5, 1:1, 
1:2.5, and 1:5) molar ratio. For example, at Ag:PC-SH = 1:2.5, PC-SH (4.6×10−2 
mM, 14 mL) and silver nitrate (25 mM, 700 µL) in Milli-Q water were mixed by a 
magnetic stirrer at room temperature for 1 day under light-shielded conditions; then, 
sodium borohydride (130 mM, 2 mL) was added dropwise into the stirred solution. 
The solution was stirred at room temperature for 2 days. The resultant solution 
mixture was centrifuged at 8,000 rcf for 45 min using vivaspin-20 tube (membrane; 
3,000 MWCO) to eliminate any unreacted PC-SH and AgNO3. Finally, the 
suspension at the top of the vivaspin-20 tube was lyophilized for 1 day. Clusters 
using other molar ratios were synthesized following the procedure described above.  
 
4.2.3 Characterization of PC-AgNCs  
 
PC-AgNCs were characterized using a UV–visible (UV–vis) 
spectrophotometer (V-650 spectrophotometer, Jasco, Tokyo, Japan) and 
electrospray ionization mass spectrometry (ESI-MS, Exactive Plus Orbitrap, 
Thermo Scientific, West Palm Beach, USA). ESI-MS spectrum of PC-AgNCs was 
obtained in the positive mode on AgNC solutions (~1 mg/mL) using a mass 
spectrometer. A dynamic nanospray probe attachment was used, and the spray tip 
was made from a fused silica capillary. The following settings were used: H2O– 
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MeOH as solvent, 4:1 (v/v); sample flow rate, 3–5 µL/min; capillary temperature, 
160 °C; spray voltage, 3.5~4.0 kV. The morphology and size of the particles were 
then analyzed by transmission electron microscopy (TEM; JEM-1400, JEOL, 
Tokyo, Japan). TEM samples were prepared by dropping the particles on a TEM 
grid prior to being dried in a desiccator for one day and observed at 120 kV. Dynamic 
light scattering (DLS; ZETASIZER NANO-ZS, Malvern Instruments Ltd, 
Worcestershire, UK) was also used to analyze the average diameter of the particles 
and the polydispersity index (PDI). The FT-IR spectra of modified particles were 
recorded in a 500–4000 cm−1 frequency range by an FT-IR spectrometer (FT/IR-
6300, Jasco, Tokyo, Japan) in the ATR mode. Thermogravimetric (TGA, Rigaku 
Corporation, Tokyo, Japan) was used to analyze the ratio of PC-ligand to Ag of the 
nanocluster.  
 
4.2.4 Cell culture experiment 
 
 Mouse L929 cell lines were grown in Dulbecco’s modified Eagle’s Medium 
(E-MEM; Gibco, life technologies, New York, USA), high glucose medium 
supplemented with 10% (v/v), fetal bovine serum (FBS; biowest, Perth, Australia), 
and 1% antibiotic–antimycotic (Gibco, life technologies, New York, USA). Cells 
were cultured in a cell culture flask at 37 °C in a humidified atmosphere of air and 
5% CO2. During the experiment, a routine subculture was fabricated every 4 days 
by detaching the cells with a trypsin solution (0.25% trypsin containing 0.01% 
EDTA) and changing and diluting the medium at 2.5 × 104 cells/mL. To determine 
the viability of the cells in contact with PC-AgNCs, a Cell Counting Kit-8 (CCK-8, 
Dojindo, Kumamoto, Japan) was used. L929 cells (1.0 × 105 cells/mL, 100 µL) were  
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seeded in a culture medium in 96-well plates and were then incubated for 24 h at 
37 °C in a 5% CO2 incubator. Then, the cells were treated with PC-AgNCs at various 
concentrations (0–200 µg/mL) followed by incubation for 24 h. Meanwhile, Control 
A (cells and a culture medium), Control B (culture medium only), and Blank 
(particles in a culture medium) samples were characterized under identical 
conditions. After incubation, the morphology of the cells was observed by 
microscopy. CCK-8 reagent (10 µL) was added into each well, and the cells were 
incubated in the dark for 4 h at 37 °C followed by the measurement of absorbance 
at 450 nm using a microplate reader. To ensure the reproducibility of the results, the 
experiment was performed in triplicate. The percentage cell viability was calculated 
according to (1):  
 
Cell viability (%) = (Sample − Blank)/(Control A − Control B) × 100      ···(1) 
  
4.2.5 Antimicrobial test 
 
  To examine the antibacterial property of PC-AgNCs, Escherichia coli OW6 
(E. coli) 22 and Staphylococcus aureus Mu50 (S. aureus) 23 were used in this study. 
The bacteria were grown in 5 ml of Todd Hewitt broth containing 0.1% Bacto yeast 
extract (THY) medium with a concentation of PC-AgNCs (0, 20, 50, 100 and 200 
µg/mL) different from that of the control without PC-AgNCs. Growth or killing 
rates and bacterial density were determined by measuring OD at 600 nm using a 
UV–vis spectrometer. The OD values are related to the bacteria density, which for 
the bacteria in contact with PC-AgNCs can be graphically described as growth 
curves 24.  
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The bacteria suspensions, no-treated (as control) and treated with 100 µg/mL 
of PC-AgNCs, were dropped on the glass slide and then incubated at 37 °C for 8 h. 
The samples were fixed with 2.5% glutaraldehyde in PBS and washed with a 
deionized water, and the suspension liquid resulting in a thin layer of bacteria was 
evaporated. The tested samples were examined by scanning electron microscopy 
(SEM; Tiny-SEM, Technex Lab Co. Ltd., Tokyo, Japan) with Au-Pd sputter coating 
by MSP-S1 magnetron sputter (Vacuum Device Inc., Ibaraki, Japan). 
 
4.2.6 The released silver ion (Ag+) measurement  
 
The released Ag+ was monitored using the Silver Reagent Set and Silver Portable 
Photometer following HI96737 protocol (HI96737, Hanna Instruments, Inc., Rhode 
Island, USA). PC-AgNCs were disolved in Milli-Q water to prepare the solution of 
100 µg/mL. The PC-AgNC solution  was detected the released Ag+  after 20 min of 
preparation. The solution was incubated at 37°c as same temperature of 
antimicrobial activity test and in human body and then measure the released Ag+ 
concentation for 1 day and 3 days of incubation times.  
 
4.3 Results and Discussion 
 
4.3.1 Characterization of PC-AgNCs 
 
  UV–vis absorption spectroscopy is often used as the first measurement to 
differentiate AgNCs from their larger counterparts by different peak locations and 
origins of their optical absorptions 25. While the localized surface plasmon resonance  
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peak of AgNPs is generally located at 400 nm, this peak is not observed in the 
absorption spectra of ultrasmall AgNCs (<2 nm). The continuous density of states 
breaks up into discrete energy levels, leading to the presence of several distinct 
absorption peaks in the UV–vis region, as shown in previous studies 25,26. 
Chakraborty et al. confirmed the transformation from molecular-like absorptions in 
the UV–vis absorption spectra to plasmonic-like signals around 460 nm between the 
small thiolated AgNCs with <114 Ag atoms and large AgNPs with >150 Ag atoms 
21. This transformation was also observed in the present study. As the molar ratio of 
Ag ions to PC-SH at the synthesis of PC-AgNCs increased, the absorption spectra 
changed from plasmonic-like absorptions (1:0.5 and 1:1) around 460 nm to 
molecular-like absorption with multiple peaks (400, 480, and 650 nm) (1:2.5 and 
1:5), as shown in Figure 4.2. This suggests the transformation of large PC-AgNPs 
into small PC-AgNCs with the molar ratio of PC-ligand. Dynamic light scattering 
(DLS) supported the formation of small PC-AgNCs, and the number averaged 
hydrodynamic diameters of PC-AgNCs with the ratio 1:2.5 was 2.5 ± 0.7 nm (Figure 
4.3).  
The TEM images also showed reduction in size as the molar ratio of PC-SH 
at the synthesis of AgNCs increases (Figure 4.4): 4.9 ± 2.9 nm for 1:0.5 and 3.3 ± 
0.9 nm for 1:2.5). The larger size estimation for AgNCs by TEM may be attributed 
to the fusion of the AgNCs via the high-energy electron beam used in TEM 
observation. To determine the formula of PC-AgNCs, we conducted ESI-MS of the 
NCs, as shown in Figure 4.5. 
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Figure 4.2 UV–vis spectra of PC-AgNCs. Molar ratios of Ag ions to PC-SH at 
the synthesis of PC-AgNCs are shown in the figure. 
 
Figure 4.3 Characterization of MPC-AgNPs (Ag:PC-SH = 1:2.5) by DLS; DLS 
histograms of intensity-averaged (Dh (intensity)), volume-averaged (Dh 
(volume)), number-averaged hydrodynamic diameters (Dh (number)) 
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Figure 4.4 TEM images and size distribution of PC-AgNCs for Ag:PC-SH ratio 
of (a), (b) 1:0.5 and (c), (d) 1:2.5 
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The ESI mass spectrum showed the shape peak at m/z =1213.05), consistent 
with the theoretical m/z value of 1213.04 for Ag3(MPC-S)2+. However, we were 
unable to definitively identify these clusters as Ag3(MPC)2 owing to the 
susceptibility of these species to fragmentation during mass analysis. 
Thermogravimetric (TGA, Rigaku Corporation, Tokyo, Japan) provides the 
percentage ratio of PC-ligand to Ag as 68:32 of the nanocluster (feed ratio of Ag:PC-
SH = 1:2.5) suggesting high density PC ligand on the surface as shown in Figure 
4.6. FTIR spectroscopy provides information about the functional groups on the 
metal NC surface. In particular, the binding of thiolate ligands to the Ag core in 
thiolated AgNCs is evident from the disappearance of the characteristic S–H peaks 
19. 
 
 
 
Figure 4.5 ESI-mass spectrum of PC-AgNCs (Ag:PC-SH = 1:2.5) 
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 Figure 4.7 shows the FT-IR spectra of PC-SH and PC-AgNCs, 
demonstrating the disappearance of the characteristic S–H peaks at 2570 cm−1 for 
PC-AgNCs and supporting the formation of thiolated PC-AgNCs. The stability of 
nanoclusters in water was investigated by using UV–vis absorption spectroscopy. 
After 3 days, the UV–vis absorption of nanoclusters solution showed slightly 
decrease indicating good stability as shown in Figure 4.8. 
 
Figure 4.6 TGA of PC-AgNCs (Ag:PC-SH = 1:2.5) 
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Figure 4.7 FT-IR spectra of PC-SH and PC-AgNCs (Ag:PC-SH = 1:2.5). 
 
 
Figure 4.8 UV–Vis absorption spectra of PC-AgNCs suspension prepared in water 
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4.3.2 Cell viability test 
 
Cell viability of PC-AgNCs was determined by cell counting kit−8 (CCK-8) 
after the treatment for 24 h. PC-AgNCs exhibited excellent biocompatibility up to 
the high concentration of 100 µg/mL AgNCs. Even at 200 µg/mL PC-AgNCs, the 
cell viability was still higher than 60%, as shown in Figure 4.9. This is consistent 
with the observation of the cell morphology using a microscope. At 100 µg/mL 
AgNCs, all cell morphology was fine with no significant toxicity (Figure 4.9b); the 
cell morphology was somewhat altered at 200 µg/mL AgNCs (Figure 4.9c). These 
cell viability tests demonstrates the low cytotoxicity of PC-AgNCs, compared with 
other silver nanometals such as bare-AgNPs (3-nm sized particle, 10 µg/mL of 
particles leading to 30% decrease of cell viability), 27 the glutathione-Ag0-NCs (1.5-
nm sized particle, 107 µg/mL of particles leading to 53% decrease of cell viability), 
17 and polyvinylpyrrolidone-AgNPs (3-nm sized particle, IC50 = 0.9–3.2 µg/mL 
depending on cell type) 21. The zwitterionic MPC is inspired by the structure of the 
cell membrane and has been used in biomedical applications owing to its excellent 
biocompatibility, protein adsorption, and the ability to resist cell adhesion 18, 19, 28. 
Owing to the high surface to volume ratio of PC-AgNCs, the excess immobilized 
MPC on the surface of the NCs displays excellent performance, i.e., low 
cytotoxicity.  
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Figure 4.9 Viability of L929 cells in contact with PC-AgNCs. a) Original-
morphology L929 cells; b) Cell morphology after treatment with PC-AgNCs as 
100µg/mL; c) 200 µg/mL, respectively; d) Cytotoxicity test of L929 cells treated 
PC-AgNCs for 24 h at various concentrations. Each value represents the mean of 
three measurements with standard deviation shown by the bars. Scale bar: 100 µm.  
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4.3.3 Antimicrobial activity of PC-AgNCs 
 
The antibacterial activity of PC-AgNCs was determined using the growth 
curve analysis for both Gram positive and negative bacteria, where the dose of PC-
AgNCs (0, 20, 50, 100, and 200 µg/mL) was varied with the sequential treatment 
(Figure 4.10). The PC-AgNCs can effectively inhibit the growth of both types of 
bacteria even at a low concentration of 20 µg/mL. Complete inhibition of bacteria 
growth was achieved at the high PC-AgNCs concentration of 100 µg/mL as is 
evident from the absence of a significant density increase of E.coli and S.aureus in 
the culture medium. It is important to emphasize that no cytotoxicity on normal cells 
was observed for a high concentration of 100 µg/mL. This indicates that PC-AgNCs 
satisfy antimicrobial safety and only exhibit toxicity for the target microbial cells 
without damaging the healthy cells in the concentration range of 20 to 100 µg/mL. 
Moreover, the direct SEM observation of the microorganisms strongly supported the 
bactericidal effect of PC-AgNCs. Many microorganisms after incubation at 8 h in 
the absence of the PC-AgNCs were observed on the glass surface as shown in 
Figures 4.11a and 11c for E.coli and S. aureus, respectively. In contrast, both 
bacteria types were not observed on the glass surface in the presence of 100 µg/mL 
PC-AgNCs, as seen in Figures 4.11b and 4.11d.  
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Figure 4.10 Growth curves of E.coli (left) and S.aureus (right) in the presence of 
PC-AgNCs effect on bacteria at different concentrations of the clusters.  
 
 
Figure 4.11 SEM micrograph of E.coli (a) non-treated and (b) treated with 100 
µg/mL of PC-AgNCs at 8 h (magnification × 2000). SEM micrograph of S. aureus 
(c) non-treated and (d) treated with 100 µg/mL of PC-AgNCs at 8 h (magnification 
× 2000). Scale bar: 10 µm. 
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Several studies of silver metal in the literature have reported a wide-
antimicrobial activity (both Gram stain, fungi, virus, and anti-biofilm) 21, 29 with a 
more toxic response for a broad range of activities that is higher than that of cationic 
polymers such as chitosan. In the case of cationic polymers, the antibacterial activity 
was suggested to originate from the electrostatic interaction between the cationic 
polymer and the negatively charged microbial cell membranes leading to the lesser 
sensitivity of Gram negative strain to cationic polymers 30. The direct damage of cell 
membranes resulting in the inhibiting the potent bactericidal activity is known as the 
bactericidal mechanism 5. Moreover, ROS and silver ions generated from the silver 
metal can interrupt the important DNA-based processes such as DNA replication, 
promoting cell toxicity 5, 31. Such electrostatic interaction between PC-AgNCs and 
the negatively charged microbial cell membranes should be weak owing to the 
zwitterionic nature of PC ligands. To clarify the antimicrobial mechanism for 
PC−AgNCs, the amount of Ag+ released from PC−AgNCs was determined. The 
concentrations of Ag+ released from the 100 µg/mL PC−AgNCs suspension after 1 
and 3 days of incubation were 0.321 and 0.375 µg/mL, respectively (Figure 4.12). 
The release of Ag+ would be the dominant factor of the bacterial killing effect of 
PC−AgNCs because recent studies have indicated that the Ag+ concentration at 0.3 
µg/mL showed completely inhibited bacteria, 32  and this concentration did not show 
any adverse effect on the viability human cells 33, 34.   
 Considerable differences exist between mammalian cells and the 
microorganisms that may affect the interaction of the nanoparticles with the cell 
wall. Mammalian cells have membrane-bound organelles with complex structures 
with endocytosis allowing the selective passage of certain substances 35. The MPC 
structure mimics the outer membrane of the mammalian cell and the chemical  
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functionality arising from the phospholipids in the cell membrane structure. It has 
been reported that MPC homopolymers are inert to nonselective cellular uptake 28,36 
and nonspecific adhesion 37. This intrinsic nature of MPC endows the PC-AgNCs 
with low cytotoxicity. 
While the cell wall of the microorganisms consists of a rigid structure, 38  a 
cytoplasmic membrane with a porous channel can take up the nanoparticles with a 
diameter of up to 5 nm, 39 possibly indicating that it is easier for the ultrasmall PC-
AgNCs to enter into the membrane of a bacteria than into a mammalian cell. There 
are reports in the literature that silver metal nanoparticles with a mean size of 5 ± 2 
nm were observed in the bacteria membrane and inside cells 5.  
 
 
Figure 4.12 Change in the concentrations of silver ions released from PC-AgNCs 
(Ag:PC-SH = 1:2.5) into an aqueous medium as a function of the incubation time. 
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4.4 Conclusions 
 
We have synthesized PC-AgNCs via strong thiol–metal coordination, with the 
control of the size achieved by varying the molar ratio between the PC-SH ligands 
and Ag+ (AgNO3) at the synthesis. A change from plasmon-like optical absorption 
of AgNPs to the molecular-like absorption of AgNCs was observed with increasing 
molar ratio of MPC. PC-AgNCs were characterized by TEM, DLS, FT-IR, and ESI-
MS. Owing to the conjugate effect of the membrane-mimicking PC with ultrasmall 
AgNCs, we first achieved excellent biocompatibility and antibacterial activity 
simultaneously for the first time, although generally a trade-off exists between 
biocompatibility and antibacterial activity. PC-AgNCs newly developed in this 
study could be promising high-efficiency antimicrobial agents that are 
biocompatible with human cells.  
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5.1 Introduction 
 
The usefulness of silver nanoparticles is well known due to their various 
advantages and extensive applications. Thus, the synthesis of metal nanoparticles 
with predictable and well-defined structures is of interest in medical and diagnostic 
applications 1. In particular, silver nanoparticles (AgNPs) have been used for drug 
delivery 2, biosensing 3, 4, and bioimaging 5. Moreover, AgNPs were important as 
drugs for treating cancer 6-8, as photosensitizing agents for photodynamic therapy, 
and as antimicrobial agents 9.  
The mechanisms causing cell death by AgNPs have been studied, and it has 
been reported that toxicity is caused by several mechanisms such as the toxicity of 
the substance itself, the release of silver ions, and the generation of reactive oxygen 
species (ROS) 10 that may occur on the surface of AgNPs. Miura et al. observed the 
cytotoxicity of AgNPs and AgNO3 by testing their influence on the expression levels 
of several stress-response genes in a HeLa cell 11. Their results showed that the 
toxicity induced by AgNPs was lower than that induced by AgNO3. In addition, Guo 
et al. studied the cytotoxicity of AgNPs on acute myeloid leukemia (AML) cells 7, 
and their results supported the model that both the release of silver ions and 
generation of ROS induces a cytotoxic effect on cells.  
  However, the use of AgNPs is limited in the field of medicine because their 
toxicity may also cause damage to the healthy surrounding tissue. Research is being 
continuously conducted to resolve this issue 9, 12, 13. Recently, there has been much 
interest in the surface modification of AgNPs using polymers, and results of studies 
show that toxicity is reduced and the stability of AgNPs particles is increased 9, 12, 13. 
Ahn et al. modified AgNPs with polyvinylpyrrolidone (PVP) 12; when the LC50 of  
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modified AgNPs was compared with LC50 of AgNO3 (LC50 = 0.046 µg/mL) and bare 
AgNPs (LC50 = 0.041 µg/mL), it was found that the toxicity of AgNPs decreased. In 
addition, the toxicity of PVP-coated AgNPs was compared using small particle sizes 
(8-nm sized particles, LC50 = 0.607 µg/mL) and large particles sizes (38-nm sized 
particles, LC50 = 3.262µg/mL), and smaller particles were found to be more toxic 
than larger particles. Ag toxicity is considered to cause oxidative stress-related 
mitochondrial and DNA damage. In addition, Roh et al. studied the dispersion 
stability of citrate and PVP-stabilized AgNPs with and without photo-irradiation in 
various biological media such as fetal bovine serum (FBS), phosphate buffer saline 
(PBS), and de-ionized water at various pHs of 2, 7, and 9 13. They found that the 
steric hindrance of PVP-AgNPs resulted in good dispersion stability in biological 
media when compared with the electrostatic repulsion of citrate-AgNPs. 
Furthermore, Lee et al. synthesized polyethylenimine (PEI)-capped silver 
nanoparticles (PEI-AgNPs) in the presence of sodium borohydride (NaBH4) for 
antimicrobial application 9. PEI can act as a stability agent via agglomeration and 
NaBH4 was added as a reductant to reduce the quantity of cytotoxicity. They found 
that the particles have excellent colloidal stability and antimicrobial activity.  
Nowadays, photodynamic therapy (PDT), which uses certain drugs or 
photosensitizing agents and a photosensitizer, has been found to be popular for use 
in cancer therapy. PDT works only after photosensitizing agents are activated by 
light of a specific wavelength, and it has the proven ability to selectively target 
diseased cells. Boca et al. synthesized chitosan-coated silver nanotriangles (Chit-
AgNTs) as effective photothermal transducers (hyperthermia therapy) for in vitro 
cancer therapy 6. These particles exhibit good biocompatibility and can act as 
effective photothermal transducers under laser irradiation. However, few studies  
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involving PDT using AgNPs, including AgNTs 6, 8 exist, and no research using PDT 
with modified AgNPs as photosensitizing agents for cancer therapy has been 
conducted. Moreover, the photosensitizer’s performance with capping agents needs 
to be further developed to deliver minimal or no toxicity, stability, and high 
efficiency of PDT, as this could potentially be one of the best future medical 
treatments. 
In our current research, we synthesized thiolated-2-methacryloyloxyethyl 
phosphorylcholine (PC-SH) protected AgNPs (PC-AgNPs) to reduce their toxicity. 
The modified AgNPs were not only biocompatible particles capable of solving the 
previous problem involving the damage of healthy tissue but also improved the 
dispersion stability. Furthermore, PC-AgNPs were found to act as cell-killing agents 
under UV irradiation. 
 
 
 
 
Figure 5.1 Schematic representation of the photo-induced cell killing effect of 
silver nanoparticles. 
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5.2 Experimental procedure 
 
5.2.1 Materials 
 
MPC was donated by the NOF Co., Ltd., Tokyo, Japan, and other chemicals 
of extra-pure grades were obtained from Wako Pure Chemical Industries, Ltd., 
Osaka, Japan; these were employed without further purification. Water was purified 
using the Millipore Milli-Q system, which involves UV irradiation, ion exchange, 
and filtration (1 8 . 2  MΩ·cm−1 ) .  The PC-SH was synthesized following 2.2.2 in 
Chapter II. 
  
5.2.2 Synthesis of PC-AgNPs 
 
PC-SH (32.5 mg, 0.08 mmol), silver nitrate (39.95 mg, 0.24 mmol), and 
formic acid (8.45 µL, 0.45 mmol) were all respectively dissolved in 20 mL of 
deionized water. After preparation of each reagent solution, the silver nitrate solution 
and the PC-SH solution were mixed with magnetic stirring at 70 °C in an oil bath. 
After 5 min, a freshly prepared formic acid solution was added to the mixture and 
stirred for 4 h at 70 °C in the oil bath. The solution mixture was then dialyzed using 
a dialysis membrane with the molecular weight cut off at 14 kDa for 3 days to 
eliminate any unreacted PC-SH and AgNO3. Finally, the mixture was centrifuged at 
6,000 rpm for 15 min, and the supernatant was lyophilized and kept in refrigerator. 
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5.2.3 Characterization of PC-AgNPs 
 
PC-AgNPs were characterized using a UV-visible spectrophotometer (V-650 
spectrophotometer, Jasco, Tokyo, Japan), X-ray diffraction (XRD; D2 phaser, 
Bruker, Billerica, USA), and X-ray photoelectron spectroscopy (XPS; ESCA-3400, 
Shimadzu, Kyoto, Japan) with Al Kα X-rays at a take-off angle of 10°. The 
morphology and size of particles were then analyzed by transmission electron 
microscopy (TEM; JEM-1400, JEOL, Tokyo, Japan) operating at 200 kV. TEM 
samples were prepared by dropping particles on a TEM grid before being dried in a 
desiccator for one day. The average diameters of the observed particles were 
reported from measurements of 200 random particles using the Semaphore software. 
Dynamic light scattering (DLS; ZETASIZER NANO-ZS, Malvern Instruments Ltd, 
Worcestershire, UK) was also used to analyze the average diameter of particles and 
the polydispersity index (PDI). The FT-IR spectra of modified particles were 
recorded in a frequency range of 500–4000 cm−1 by an FT-IR spectrometer (FT/IR-
6300, Jasco, Tokyo, Japan) with 64 scans using a TGS detector.  
 
5.2.4 Cell cultures 
 
HeLa cells were grown in Dulbecco’s modified Eagle’s Medium (D-MEM; 
Gibco, life technologies, New York, USA), high glucose medium supplemented with 
10% (v/v), fetal bovine serum (FBS; biowest, Perth, Australia), and 1% antibiotic–
antimycotic (Gibco, life technologies, New York, USA). Cells were cultured in a 
cell culture flask at 37 °C in a humidified atmosphere of air and 5% CO2. A routine 
subculture was made every 4 days during the experiment by detaching cells with  
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trypsin solution (0.25% trypsin containing 0.01% EDTA), and changing and diluting 
the medium at 2.4 × 105 cells/mL, respectively. 
 
5.2.5 Cell viability test 
 
The viability of cells in contact with PC-AgNPs was determined using a Cell 
Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). HeLa cells (1.0 × 105 
cells/mL, 100 µL) were seeded in a culture medium in 96-well plates and were then 
incubated for 24 h at 37 °C in a 5% CO2 incubator. After incubation, the cells were 
treated with PC-AgNPs at various concentrations (0–90 µg/mL), and the particles in 
contact with cells were then exposed to UV irradiation (365 nm) for 1 h. The cells 
were incubated for 24 h. At the same time, Control A (cells and a culture medium), 
Control B (culture medium only), and Blank (particles in a culture medium) were 
monitored using identical conditions. After incubation, 10 µL of CCK-8 reagent was 
added into each well, and the cells were incubated in the dark for 4 h at 37 °C. 
Finally, absorbance was measured at 450 nm using a microplate reader. To ensure 
the reproducibility of results, the experiment was performed in triplicate. The 
percentage cell viability was calculated using the following formula (1):  
 
Cell viability (%) = (Sample − Blank)/(Control A − Control B) ×	100      ···(1) 
 
The LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Invitrogen, 
Eugene, Oregon, USA) was used to test the viability of cells in contact with PC- 
-CHAPTER V-                        PHOTO-INDUCED CELL-KILLING WITH AgNPs 
_________________________________  ________________________________  
 75 
 
AgNPs. The HeLa cells (2.0 × 105 cells/mL, 1000 µL) were seeded in the culture 
medium onto a 22-mm covered glass bottom dish and then incubated for 4 h at 37 °C 
in a 5% CO2 incubator. After 4 h, the culture medium in each of the cell dishes was 
discarded to remove non-adherent cells, and 1000 µL of a new culture medium was 
added. The cells were then incubated for 20 h, after which they were treated with 
100 µL of PC-AgNPs at various concentrations (0, 0.5, and 1 µg/mL). The particles 
in contact with cells were then exposed to UV irradiation (365 nm) for 1 h, and cells 
were then incubated for 24 h at 37 °C in 5% CO2. After incubation, the cells were 
washed twice with a PBS buffer. Subsequently, 500 µL of calcein AM (1 µM in 
PBS) and 500 µL of ethidium homodimer-1 (1 µM in PBS) were added into each of 
the cell dishes and incubated for 30 min at room temperature. The cells were then 
washed twice with the PBS buffer, and 1000 µL of the PBS buffer was added. 
Fluorescence images of calcein AM (excitation/emission at 495/515 nm), and 
ethidium homodimer-1 (excitation/emission at 528/617 nm), were obtained using 
the fluorescence microscope IX-70 (Olympus, Tokyo, Japan). The cells in the 
culture medium without particles, which were used as the control, were 
simultaneously monitored under the same conditions. 
 
 
 
\ 
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5.3 Results and Discussion 
 
5.3.1 Characterization of PC-AgNPs 
To generate compact capping nanoparticle reagents, thiolated-MPC was 
synthesized via a thiol-ene reaction of MPC with one mercapto group in 1,6-
hexanedithiol. The structure of PC-AgNPs is shown in Figure 5.2. Immobilization 
was confirmed using the FT-IR spectrometer. Figures 5.3a and 5.3b show the FT-
IR spectrum of PC-SH and PC-AgNPs, respectively. The disappearance of the –SH 
peak at 2572 cm−1 (in Figure 2a) indicates the immobilization of MPS-SH on the 
surface of AgNPs via strong sulfur–metal coordination. A surface elemental analysis 
for PC-AgNPs was performed by XPS, and the spectra are shown in Figure 5.4. 
Signals for silver (Ag3d), carbon (C1s), sulfur (S2p), oxygen (O1s), nitrogen (N1s), and 
phosphorus (P2p) were observed on the silver nanoparticles, and the results also 
support MPC immobilization on the particle surface. The crystalline structure of Ag0 
was confirmed by the typical XRD pattern of AgNPs, with intense peaks of around 
2θ degrees at 38 °, 44 °, 64° and 78° with [111], [200], [220], and [311] diffractions 
respectively, as shown in Figure 5.5 14.   
 
Figure 5.2 Structure of PC-AgNPs. 
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Figure 5.4 XPS spectra of PC-AgNPs. 
 
Figure 5.3 FT-IR spectra of (a) PC-SH and (b) PC-AgNPs. 
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 Figure 5.6 shows the morphology and size of particles determined by TEM. 
It was clarified that most of PC-AgNPs were spherical in shape, with an average size 
of 13.4 ± 2.2 nm. PC-AgNPs can be freeze-dried and stored as powders that can be 
subsequently re-dissolved to produce stable aqueous dispersions, and the high 
stability of PC-AgNPs in the cell culture medium was determined by a lack of 
aggregation, which occurred because the MPC has a zwitterionic phosphorylcholine 
that can stabilize the particles in aqueous media 15. The zwitterionic group of MPC 
i s  inspired from the structure of the cell membrane, and it possesses excellent 
biocompatibility 16. MPC has been used in diverse applications and has been used in 
nanomedicine and in biomaterials 17. Furthermore, there have been a number of 
reports using the aforementioned MPC functionalization to improve applications 
such as inhibition of protein adsorption and resistance of cell adhesion 17. 
 
Figure   5.5 XRD spectrum of PC-AgNPs. 
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5.3.2 Photosensitivity of PC-AgNPs 
 
Figure 5.7 shows the UV-visible absorbance spectra of PC-AgNPs in various 
UV (365 nm) irradiation times (0, 1, and 2 h). The surface plasmon resonance (SPR) 
band of PC-AgNPs was observed at 4 0 4  nm (Figure 5.7). After irradiation, the 
absorbance intensity at λmax decreased with an increase in the irradiation times. In 
addition, it was found that the SPR absorbance intensity decreased by about 25% 
and 30% after irradiation for 1 h and 2 h, respectively. Furthermore, broadening of 
the peaks towards longer wavelengths, and blue-shifted λmax were observed. The 
results suggest that there was a change on the surface of exposed particles, and the 
size of the particles was decreased. These results are consistent with those of a 
previous study 18 and classical Mie theory 19 in that the magnitude of SPR loss 
increased with a decrease in the diameter of AgNPs.  
 
 
Figure 5.6 TEM image of PC-AgNPs. 
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A size change in PC-AgNPs after UV light irradiation was also supported by 
DLS analysis (Figure 5.8). Results show a decrease in the particle diameter after 1 
h of irradiation, from 18.4 nm (PDI = 0 . 18) to 17.7 nm (PDI = 0.17). After 2 h of 
irradiation, small particles (10.8 nm) and large particles (121.6 nm, PDI = 0.21) were 
evident. On the basis of blue-shifted λmax in the SPR absorbance, and the size 
decrease shown in DLS analysis after UV light irradiation, it is considered possible 
that most of the size decreases of the PC-AgNPs occurred from a loss of MPC ligand 
from the particles under UV light irradiation. In addition, it is considered that the 
minor number of large particles observed with DLS may be induced by aggregation 
of small PC-AgNPs. The minor large particles peaks did not appear in the number-
size distribution mode of DLS (Figure 5.8b), thereby indicating that they occur in 
very small numbers. This result is consistent with that of a previous study, which 
showed that UV-300 light causes a loss of SPR and a decreased diameter of citrate 
capped AgNPs 18. Such a result is also similar to that indicating UV-365 light can 
change the physical and chemical characteristics of bare-AgNPs, citrate capped 
AgNPs, and PVP capped AgNPs suspensions 20. Furthermore, there have been 
reports supporting the notion that UV irradiation leads to the loss of surface coating. 
Consequently, aggregation could occur concurrently with dissolution 18, 20-22. 
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Figure 5.7 UV-visible spectrum of PC-AgNPs at varied UV (365 nm)-exposure 
 
Figure 5.8 DLS data of PC-AgNPs at varied UV-exposure times. (a) Intensity 
distribution mode and (b) number-size distribution mode. 
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5.3.3 Cytotoxicity of PC-AgNPs 
 
HeLa cells were incubated with PC-AgNPs for 24 h and viable cells were 
measured by CCK assay. PC-AgNPs showed toxicity at concentrations of 5 µg/mL 
or higher, as shown in Figure 5.9, which shows that they have a higher 
biocompatibility than Chit-AgNTs and poly(ethylene glycol) capped gold nanorods 
(PEG-AuNRs), as determined by previous studies 6, 8. The low toxicity of PC-AgNPs 
was also supported by the LC50 value; the LC50 of PC-AgNPs was about 14.7 µg/mL, 
which was higher than that of AgNO3, bare AgNPs, and PVP-coated AgNPs 
previously reported 12, 23.  
Apart from the toxicant itself, the release of silver ions and ROS generation 
are important mechanisms involved in the toxicity of AgNPs 8, 10, 24, 25. In addition, 
many studies have revealed that the cytotoxicity of AgNPs depends on the size of 
the particles. Ahn et al. reported that the smaller PVP-coated AgNPs (8-nm sized 
particles, LC50 = 0.607 µg/mL) were more toxic than larger PVP-AgNPs (38-nm 
sized particles, LC50 = 3.262 µg/mL) on the nematode, Caenorhabditis elegans 12. 
Furthermore, the previous study of Gliga et al. clearly shows the size-dependent 
cytotoxicity of coated AgNPs  26. Only the 10-nm citrate-coated AgNPs and 10-nm 
PVP-coated AgNPs have been found to be cytotoxic to human lung cells, and the 40 
nm and 75 nm sizes of citrate-coated and PVP-coated AgNPs are not considered to 
be cytotoxic. 
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5.3.4 Photo-induced cytotoxicity of PC-AgNPs 
 
Figure 5.10 shows a comparison of the cytotoxicity tests for PC-AgNPs using 
a condition without UV and after 1 h of UV irradiation. As presented in Figure 9, 
photo-induced toxicity of PC-AgNPs on HeLa cells significantly decreased the cell 
viability to about 50% in a particle concentration at 0.5 µg/mL, and at a higher 
concentration of 1 µg/mL, the HeLa cells died completely from the photo-induced 
toxicity of PC-AgNPs. It should be noted that there was no change in the viability 
of cells during UV irradiation in the absence of PC-AgNPs, and it is thus considered 
that the photo-induced toxicity originated from the photo-irradiated PC-AgNPs. 
From these results, it is possible to determine that PC-AgNPs have the 
advantage of low toxicity in relation to a surface coating of biocompatible MPC 
ligands, and toxicity could act as reliable anticancer agent under UV irradiation.  
 
Figure 5.9 Viability of HeLa cells after treatment with PC-AgNPs for 24 h. 
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Even at a low concentration of MPC-modified particles (~1µg/mL), a highly potent 
cell-killing effect was exhibited under UV irradiation. PC-AgNPs therefore show a 
proven ability to selectively expose and target diseased cells, and their potency could 
thus be useful as a photo-induced cell-killing property.  
Several factors such as the toxicity of the substance itself, the release of silver 
ions, and the generation of reactive oxygen species (ROS) would be raised as the 
possible mechanism of photo-induced cell death observed in the present study.  The 
dominant toxic factor would relate to the surface erosion of PC-AgNPs by UV 
irradiation, as shown in Figures 5.7 and 5.8. The particles losing MPC played a role 
of unique toxicant. The size of PC-AgNPs decreased after UV irradiation, and they 
therefore exhibit high cytotoxicity by the enhanced toxic effect of the smaller-sized 
nanoparticles 12, 23. Another possibility of the mechanism of photo-induced 
cytotoxicity is attributed to the generation of ROS by photo-excited PC-AgNPs. 
Noble metals have freely mobile electrons that use the effect of light to transfer 
energy from light to electrons in the metal. When the light reaches or exceeds a 
threshold frequency, the metal emits electrons and SPR is generated; electrons 
emitted in this manner are known as photoelectrons. SPR induces strong absorption 
of incident photon energy that can be transferred to O2 and can lead to ROS 
generation 27.   
As previously described in the former literatures, we measured ROS generated 
from photo-excited PC-AgNPs using several probes such as 3,3’-diaminobenzidine 
28, 2,3-bis(2-methoxy-4-nitro-5-sulfophehyl)-2H-tetrazolium-5-carboxanilide 20, 
singlet oxygen sensor green 29. However, significant ROS generation under UV 
irradiation could not be observed.   Furthermore, the concentration of silver ion 
released in cell cultivation medium after UV treatment was also measured by Agilent  
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7700x ICP-MS and less than 0.01 µg/mL, which did not show adverse effect on cell 
viability 12. 
A live/dead cell assay was also used to support the result of photo-induced 
toxicity of PC-AgNPs. In this assay, cells were stained with calcein AM and 
ethidium homodimer-1 to visualize live (green) and dead (red) cells, respectively. 
The results in Figure 5.11 show that UV-365 light does not affect the cells, and this 
can be compared to the results of HeLa cells without UV irradiation and results with 
UV irradiation. The cells treated with 0.5 µg/mL and 1 µg/mL of PC-AgNPs, 
respectively, show biocompatibility of PC-AgNPs from the evidence of live cells 
(green) in the figure. In contrast, when UV-365 light irradiation was used in the 
presence of the particles (0.5 µg/mL) a number of dead cells (red) occurred and all 
cells died completely after treatment with 1 µg/mL of exposed particles. These 
results are consistent with the cell viability tests of PC-AgNPs using the CCK-assay.  
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Figure 5.10 Photoinduced toxicity of PC-AgNPs on HeLa cells. Black¢:Non-
irradiation, White¢:Photo-irradiation. N.D.: Not detected. 
 
Figure 5.11 Viability of HeLa cells after treatment with MPC-AgNPs for 24 h. The 
cells were stained with calcein AM and ethidium homodimer-1 to visualize live (green) 
and dead (red) cells, respectively. 
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5.4 Conclusions 
 
The present study demonstrates that PC-AgNPs can be prepared via strong 
thiol-metal coordination. Immobilized MPC on AgNPs was confirmed by XPS and 
IR analyses. The presence of AgNPs in the form of Ag0 was verified by XRD, and 
the average diameter of particles was determined as 13.4 ± 2.2 nm by TEM and 18.4 
nm (PDI 0.18) by DLS. MPC improves both biocompatibility and dispersity of 
nanoparticles. PC-AgNPs used in our research were small size particles, which are 
conducive to high cytotoxicity, in accordance with the results of previous studies. 
However, the LC50 of PC-AgNPs was about 14.7 µg/mL, which shows a greater 
biocompatibility than AgNO3, bare AgNPs, Chit-AgNTs, and PVP-coated AgNPs, 
as determined by previous studies. In addition, the particles exhibit a highly potent 
cell-killing effect under UV irradiation; they lost SPR after irradiation, resulting in 
a decreasing SPR band and particle size, as measured by UV-visible 
spectrophotometry and DLS, respectively. Our findings suggest that the cell death 
mechanism is possible because particles lose areas of their surface and particles 
losing MPC are toxic. Finally, biocompatible PC-AgNPs are exhibited after 
activation by light, which makes them potentially useful as photo-induced cell-
killing agents. 
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The zwitterionic group of MPC is inspired from the structure of the cell 
membrane, and it possesses excellent biocompatibility. MPC was used to modify the 
metal by thiol-terminated PC synthesis and strong thiol-metal coordination. We can 
synthesize thiol-functionalized-phosphorylcholine (PC-SH) protected various metal 
such as gold nanoclusters (PC-AgNCs), silver nanoclusters (PC-AgNCs) and silver 
nanoparticles (PC-AgNPs) successfully. MPC not only improves the 
biocompatibility but also stability and dispersity of nanoparticles and clusters.  
Both PC-AgNCs and PC-AgNPs showed the excellence biocompatibility.  
The cell viability tests demonstrates the low cytotoxicity of PC-AgNCs, compared 
with PC-AgNPs. Owing to the high surface to volume ratio of PC-AgNCs, the excess 
immobilized MPC on the surface of the NCs displays excellent performance, i.e., 
low cytotoxicity. PC-AgNCs can enhance the base silver capacity for antimicrobial 
treatment, the silver could exhibit toxicity specifically for the target microbial cells 
without damaging the healthy cells. We first achieved excellent biocompatibility and 
antibacterial activity simultaneously for the first time, although generally a trade-off 
exists between biocompatibility and antibacterial activity. PC-AgNCs newly 
developed in this study could be promising high-efficiency antimicrobial agents that 
are biocompatible with human cells.  
Moreover, PC-AgNPs shows a greater biocompatibility than AgNO3, bare 
AgNPs, Chit-AgNTs, and PVP-coated AgNPs, as determined by previous studies. 
The biocompatible PC-AgNPs are exhibited after activation by light, which makes 
them potentially useful as photo-induced cell-killing agents.  
In addition, we synthesize the PC-AuNCs having the fluorescence property 
successfully. We are going to prepare the multifunctional-nanoprobe of PC-AuNCs  
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with specific recognition molecules as bio-recognition for the next step which have 
made them advantageous as a new class of multifunctional fluorescent markers for 
cell imaging and labeling applications.  
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